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INTRODUCTION 


L«s*rs  UMd  in  airborne  applications  need  to  ba  compact, 
rugged,  versatile,  and  efficient.  These  requirements  match  very 
ifnell  with  the  properties  of  solid-state  laser  materials.  Since 
its  discovery  in  1964^  NdiYAG  has  been  shown  to  be  a  useful  laser 
material  not  only  in  military  applications  but  also  in  numerous 
commercial  and  scientific  applications  where  a  reliable  and 
efficient  laser  is  needed.  However,  Nd:YAG  also  has  definite 
limitations.  Energy  conversion  efficiency  is  limited  to 
typically  less  than  3%  for  low  energy  C<  1  J/pulse)  Q-switched 
operation.  At  higher  energies  thermal  birefringence  and  thermal 
stress  become  severe  problems.  NdiYAG  also  has  the  basic 
limitation  that  it  can  lase  at  only  a  few  specific  wavelengths, 
primarily  1.064  pm,  with  even  less  efficiency  at  a  few  other 
wavelengths.  Often  wavelength  tunability  (in  some  cases  discrete 
switching  among  several  wavelengths  and  in  other  cases  continuous 
tunability)  is  needed  for  certain  applications  and  the  only  way 
of  achieving  that  with  NdiYAG  is  to  use  nonlinear  processes  such 
as  frequency  doubling,  Raman  conversion,  and  optical  parametric 
oscillator  conversion.  But  there  are  concommitent  sacrifices  in 
decreased  efficiency  and  increased  complexity. 

The  objective  of  this  in-house  program  was  to  explore, 
assess,  and  demonstrate  the  performance  of  new  solid-state 
materials  which  have  high  efficiency  and  broadband  tunability. 
Laser  research  in  the  late  70 's  resulted  in  the  discovery  of  some 
promising  new  solid-state  laser  materials.  One  important 
breakthrough  which  encouraged  a  renaissance  in  solid-state  laser 
research  was  the  discovery  of  alexandrite  (Cr^'*'  doped 
chrysoberyl > .  In  1978,  alexandrite  was  shown  to  be  continuously 
tunable  in  the  700-800  nm  region^  and  was  the  first  solid-state 
laser  material  capable  of  tunable  laser  operation  at  room 
temperature . 
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Th«  discovery  of  aloxandri-to  onoouragod  invos-tiga'tors  -bo 
oonsidar  othar  hos'b-dopanb  comb  inactions  as  possible  'tunable 
lasers.  As  part  of  an  AFWAL  funded  program^  P.  Moul'bon 
investigated  sapphire  (AI2O3)  doped  Mith  Ti^’*’  ions.  He  found 
that  this  material  lased  tunably  over  the  extremely  broad  range 
of  660  -  990  nm.^ 

At  about  the  same  time,  efficiency  almost  two  times  higher 
than  NdtYAG  was  reported  for  a  new  co-doped  laser  material.^  The 
host  material  was  a  garnet  with  gadolinium,  scandium,  and  gallium 
occupying  the  dodecahedral  (8  coordinated  ions) ,  the 
octahedral  (6  coordinated  0~^  ions)  and  the  tetrahedral  (4 
coordinated  0~^  ions)  sites  respectively.  The  garnet  was  doped 
with  Cr^'*'  substituting  at  the  octahedral  sites  and  Nd^*** 
substituting  at  the  dodecahedral  sites.  Broadband  absorption  by 
the  Cr^***  ions  and  rapid  transfer  to  the  Nd^'*'  ions  enabled 
Nd,Crt6SGG  to  be  more  efficient  than  NdiYAG. 

New,  solid'state  laser  materials  such  as  Ti (sapphire  and 
Cr,Nd(GSGG  showed  strong  potential  for  improved  performance  in 
military  applications  over  currently  used  materials.  However, 
they  needed  further  investigation.  This  in-house  program  was 
initiated  to  assess  their  strengths  and  weaknesses.  Experimental 
measurements  of  spectroscopy  and  laser  performance  plus 
theoretical  modeling  of  the  results  will  be  presented  in  this 
report . 
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SECTION  1 


Tiisapphir*  AsMssRMnt 


Til— pphir#  S— b1#  Identification 


Crys'fcallinc  s—plps  of  Titsapphiro  wer*  acquirod  from  MIT 
Lincoln  Labs,'  Crystal  Systams  Inc.,  Union  Carbida,  and  Oklahoma 
Stata  Uni varsity.  Most  of  tha  — mplas  wara  small  singla  crystals 
suitabla  for  spactroscopic  maasuramants.  Thasa  variad  in  doping 
laval  dapanding  on  tha  sourca  and  groMth  tachniqua  usad.  Tha 
absoluta  valua  of  tha  titanium  conoantration  was  difficult  to 
maasura  but  tha  ralativa  concantrations  wara  calculatad  from 
spactrophotomatar  maasuramants  of  absorbanca  at  a  spacific 
Mavalangth.  Moulton^  has  maasurad  tha  Ellc  absorption  cross 
saction  to  ba  6.4  x  10~^^  cm^  at  490  nm.  Sampla  idantif ications 
and  ralativa  Ti^***  concantrations  basad  on  Moulton's  calibration 
factor  ara  givan  in  Tabla  1. 

TABLE  1 


Til SAPPHIRE  SAMPLE  IDENTIFICATION 


Samola  ID 

Sourca 

_ Size. 

Abs.  Coaff.Icm'^l 

Ti3+  Mtt 

CS-L 

a 

1  cm  diam  x  0.86  cm 

0.26 

0.0088 

CS-H 

a 

1  cm  diam  x  0.80  cm 

0.53 

0.018 

UC-H 

b 

irrag.  .33  cm  thick 

2.3 

0.078 

LT 

c 

0.2  X  0.2  X  1.1  cm 

0.05 

0.0017 

UC-B 

b 

0.5  cm  diam  x  4.8  cm 

0.1* 

CS>B 

a 

0.7  cm  diam  x  3.5  cm 

0.03* 

*  Crystal  Systams,  Inc.  -  Haat  Exchanger  Ifothod 
Union  Carbida  -  Czochralski  Method 

c  Army  Materials  Research  Canter  (Cazlovsky)  -  Haat  Exchanger 

*  Tha  UC'B  rod  concentration  is  shown  as  reported  by  tha  grower. 
Tha  CS-B  rod  concentration  was  maasurad  ralativa  to  it. 
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Absorpition  spectra  M«ra  -takan  fira-t  using  a  Cary  14  and  latter 
using  a  Parkin  Elmar  Lambda  9.  Figura  1  shows  tha  polarizad 
absorption  spaotra  of  sampla  CS-H  at  room  tamparatura.  Tha  two 
paaks  at  490  and  560  nm  ara  oharactaristic  of  Ti^***  ions.  Soma 
aarly  Tiisapphira  crystals  had  a  broadband  absorption  paak  in  tha 
800-nm  ragion  which  could  ba  ramovad  with  an  annaaling  traatmant. 
Sinoa  this  paak  was  locatad  in  tha  lasing  ragion,  it  was 
datrimantal  to  lasar  parformanca.  In  fact,  usars  of  Titsapphira 
oftan  oharactariza  tha  quality  of  a  sampla  by  tha  ratio  of  tha 
absorption  coafficiant  naar  tha  490-nm  paak  and  at  800  nm.  In 
this  sampla  tha  ratio  was  115  which  is  quita  good.  Tha  SOO-nm 
paak  is  baliavad  to  ba  dua  to  Ti^'*‘-Ti^'*‘  pair  formation^.  Tha 
ultraviolat  absorption  adga  is  probably  a  combination  of  Ti^'*'  and 
lattica  absorption. 

Polarization  dapandanca  of  Titsapphira  absorption  is  also 
shown  in  Figura  1.  Sapphira  is  uniaxial  (ona  optic  axis  -  tha  c 
axis)  so  absorption  is  shown  for  tha  a  and  tha  c  axas. 
Polarization  maasuramants  wara  takan  by  using 
polarizar/dapolarizar  combinations  in  tha  spaotrophotomatar 
sampla  and  rafaranca  baams.  Tha  two  polarization  spaotra  had 
idantical  shapas  but  tha  Ellc  absorption  spactrum  was  mora 
intansa  by  a  factor  of  2.5  than  tha  Ella  spactrum.  In  contrast, 
tha  Ellc  absorption  at  800  nm  is  lass  than  tha  Ella  absorption; 
this  is  fortuitous  for  lasar  oparation  whara  amission  is 
polarizad  along  tha  c  axis. 

Ti i sapphira  F luorascanca 

Fluorascanca  spactra  wara  takan  using  a  SPEX  1.26-m 
spactromatar  and  a  Spactra  Physics  165  argon  ion  lasar  as  a  pump 
sourca.  A  diagram  of  tha  axparimantal  arrangamant  is  shown  in 
Figura  2.  Tamparatura -dapandant  maasuramants  wara  takan  using  an 
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Controlling 

Computer 


Figure  2.  Diagram  of  the  experimental  arrangement  to  measure  laser 
pumped  fluorescence  of  temperature  controlled  samples. 


Air  Produo^s  olos*cl  cyol*  h*liuM  r*frig«r«^or  which  could  s*-t  ^h* 
‘tMporatur*  of  a  saaiplo  anywhoro  in  ^ha  10-400  K  region  -to 
±0.1  K. 

Figure  3  shows  ±he  observed  fluorescence  of  a  Ti: sapphire 
orysbal  a±  11  K  and  300  K.  The  saaple  was  cw  pumped  wi-th  200  mW 
of  488-nm  argon  laser  ou-tpu-t.  Ho  differences  were  observed  when 
pumping  mt  -the  other  available  argon  laser  lines  other  -than 
changes  in  fluorescence  intensify.  The  fluorescence  spectra  were 
extremely  broad  with  emission  observed  throughout  the  600-1050 
nmregion.  A  silicon  detector  %«as  used  to  measure  the  complete 
spectrum  since  the  photomultiplier  usually  used  (Hamamatsu  R928> 
was  not  sensitive  beyond  850  nm.  The  relative  fluorescence 
intensities  for  the  a  and  c  axis  polarizations  differed  by  a 
factor  of  2.6  but  the  spectral  shapes  were  quite  similar.  The 
fluorescence  intensity  decreased  as  temperature  increased  so  the 
300-iC  spectra  have  been  multiplied  by  a  factor  of  two  to  more 
easily  compare  them  to  the  11-K  spectra. 

The  inset  of  Figure  3  is  a  plot  of  Tii sapphire  fluorescence 
on  the  short  wavelength  (high  energy)  side  of  the  broadband 
emission  at  11  K.  A  number  of  very  sharp  features  are  present. 
Two  of  these  at  616.67  and  618.11  nm  are  interpreted  as  zero- 
phonon  transitions  between  the  lowest  vibrational  state  of  the 
upper  metastable  level  and  the  ground-state  triplet^.  IR 
absorption  measurements^  showed  that  the  ground-state  triplet  is 
split  in  Tis sapphire  with  the  two  higher  levels  separated  from 
the  lowest  level  by  37.8  cm"^  and  107.5  cm~^.  The  two  sharp 
features  in  the  inset  of  Figure  3  are  also  separated  by  38  cm*^. 
The  separation  between  the  616.67-nm  peak  and  the  small,  broad 
peak  at  621  nm  corresponds  to  the  107.5  cm~^  splitting. 

Figure  4  shows  the  half-maximum  intensity  positions  of 
Tit sapphire  fluorescence  spectra  taken  at  several  different 
temperatures.  In  general,  the  linewidth  (full  width  at  half 
maximum  (FHHM))  increased  with  temperature  but  the  increase 
occurred  principally  on  the  long  wavelength  side.  In  fact,  above 
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Figure  3.  Polarized  fluorescence  of  Ti 3'*' i sapphire  at  11  and  300  K. 

The  inset  shows  sharp  zero-phonon  features  at  11  K. 


lOO  K  -th*  incr*as*  was  naarly  linaar  with  temperature .  The  Ella 
fluorescence  was  slightly  broader  with  most  of  the  difference 
present  on  the  long  wavelength  side. 

sapphire  Zero-Phonon  Linewidth  Measurements 

The  temperature  dependence  of  the  zero*phonon  lines  was  also 
measured.  Figures  5  and  6  are  plots  of  FVIHM  vs.  temperature  of 
the  two  sharp  zero-phonon  lines  using  four  different  Ti: sapphire 
samples  described  in  Table  1  above.  Here  Rj,  is  the  higher  energy 
zero-phonon  line  and  R2  is  the  lower  energy  zero-phonon  line. 
Powell  et  al.  have  made  similar  measurements  of  linewidth 
dependence  on  temperature^^.  But  there  are  some  notable 
differences  between  this  data  and  Powell's  data.  First  of  all, 
Powell  et  al.  saw  a  linear  change  in  linewidth  as  a  function  of 
temperature  in  the  20-60  K  region  but  the  linewidth  increased 
nonl inear ly  in  the  same  temperature  region  for  all  but  the 
heavily  doped  Rj[^  line  results  in  the  measurements  reported  here. 
Also,  the  knee  at  60  K  in  Powell's  data  is  not  present  here. 

The  measured  linewidth  approached  asymptotically  at  low 
temperatures  (OVq)  is  expected  to  represent  the  inhomogeneous 
linewidth  contributions  due  to  microscopic  strains  in  the  lattice 
plus  the  homogeneous  linewidth  characteristic  of  the  transition. 
The  different  samples  were  found  to  have  different  Avg's 
indicating  that  they  had  different  amounts  of  strain  present. 

The  Crystal  Systems  crystals  had  the  least  amount  of 
inhoRiogeneous  broadening  and  the  heavily  doped  Union  Carbide 
crystal  had  the  most.  Both  the  Ti^'*’  concentration  and  the  growth 
method  could  affect  the  amount  of  broadening  but  determination  of 
the  relative  magnitude  of  the  two  causes  was  not  possible  based 
on  the  limited  amount  of  data  available  here. 

Powell  et  al .  described  line  broadening  as  a  function  of  two 
contributionss  (1)  stimulated  phonon  emission  or  absorption 
between  ground-state  levels  which  is  dominant  at  low  temperatures 
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Figur*  5.  Lin^wid'th  of  Rj,  -tho  highor  onorgy  z«ro-phonon  lino 
four  Ti^'*’isapphir»  sanplos. 


Ti:sapphire  R— line  Linewidths 
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Figure  6.  Linewidibh  of  R2»  the  lot«er  energy  zero-phonon 
four  I  sapphire  samples. 


and  (2>  -tMO-phonon  Ranan  sca-t-taring  wi-th  a  -tempcra-tura 
dapandanca  doninant  a't  high  ‘tanpara'turas .  Tha  linawid'th  as  a 
function  of  -tanpara-tura  oan  ba  Mri't'tan  asi 

Av  »  Avo  +  Kj^IaxpCAE/kT)-!!"^  +  11.11 

Mhara  Avq  is  'tha  inhonoganaous  linaMid-th,  Kj^  is  an  alactron- 
phonon  ooupling  paramabar •  K2  is  -tha  -ttMO-phonon  Raman  soal;'taring 
oons^nt,  AE  is  'tha  anargy  sapara-tion  of  R^  and  R2»  k  is  -the 
Bolbzmann  oons-tant  and  T  is  -tamparabura .  Using  AE  as  38  cffi~^ 

Avq,  and  K2  oan  ba  fit  to  tha  data.  An  exampla  of  such  a  fit 
is  shOMn  in  Figura  7.  Agraamant  Mith  axparimant  is  raasonably 
good. 

Figura  8  shOMS  intagratad  intansity  of  tha  R],  lina  as  a 
function  of  tamparatura  for  tha  four  Titsapphira  samplas.  All 
shoM  an  approx isMttaly  linaar  dacraasa  in  intansity  with 
incraasing  tamparatura.  Tha  larga  scattar  in  tha  data  is 
probably  dua  to  tha  difficulty  in  oorractly  subtracting  tha 
background  amission  of  tha  short  wavalangth  tail  of  tha  broadband 
paak. 


Tiisapphira  fluorascanca  lifatima  was  maasurad  as  a  function 
of  tamparatura.  Samplas  wara  pumpad  with  Q-switchad  pulsas  from 
a  fraquancy  doublad  Quantal  NdiYAG  lasar.  Tha  532-nm  pulsas  wara 
10  ns  in  duration.  Tha  fluorascanca  passad  through  a  0.5-m 
Jarrall-Ash  monochromatar  and  was  datactad  by  an  S*1 
photomult i pi iar  tuba  (PUT).  Tha  PMT  output  was,  in  turn, 
maasurad  with  a  LaCroy  3500SA  transiant  digitizar.  Tha  input 
impadanoa  of  tha  LaCroy  input  was  50  Q  but  that  mada  tha  PMT 
signal  too  sMll  to  maasura.  Tha  problam  was  ramadiad  by  using  a 
Taktronix  468  oscilloscopa  amplifiar  and  a  variabla  load  switch. 
Tha  amplifiar  had  a  50-Q  output  impadanca  which  matched  tha 
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■th«or«tic*l  linewid'bh  model  "to  exper imerfbal  da'ta 


Tirsapphire  R— line  Intensities 


15 


Figure  8.  Iirtegrated  intensi'ty  of  Ti®'*’* sapphire  Rj  line  fluorescence. 


l>Croy  input  impedance.  Than  tha  load  switch  was  insartad  at  tha 
osoilloscopa  amplifiar  input.  Tha  load  switch  was  adjustad  to 
achiava  maxinuin  signal  without  distorting  tha  tima  dapandanca  of 
tha  signal.  Making  tha  input  load  too  larga  causad  tha  RC  tima 
constant  of  tha  input  circuit  to  bacoma  largar  than  tha 
fluorascanca  lifetime  yielding  a  lifetime  longer  than  tha  true 
one. 

A  plot  of  fluorescence  intensity  versus  tima  for  sample  CS-H 
is  shown  in  Figure  9.  Each  data  point  represents  tha  summed 
output  of  1000  shots  with  tha  PMT  baseline  signal  subtracted  out. 
Tha  larga  noise  oscillations  at  tha  start  of  the  pulse  are  due  to 
pump  laser  electromagnetic  intarfaranca.  Lifetimes  were 
determined  by  calculating  a  least  squares  fit  to  the  natural  log 
of  the  signal  intensity  vs.  tima.  After  the  excitation  pulse  the 
Ti^***  ions  are  expected  to  relax  back  to  their  ground-state  with  a 
single  exponential  decay,  i.e. 

Kt)  «  Ioaxp<-t/T)  .  II. 21 

Taking  the  natural  log  of  both  sides  yields 

In  (I<t))  «  -t/T  +  In  <Iq)  11.31 

which  is  tha  same  as  the  equation  for  a  straight  linet 

y  *  max  +  b  .  11.41 

Figure  10  is  a  log  plot  of  tha  same  data  and  tha  linearity  of  tha 
plot  shows  that  the  fluorascanca  decay  is  well  represented  by  a 
single  exponential.  In  fact,  none  of  tha  Titsapphire  crystals 
investigated  showed  any  significant  variation  from  single 
exponential  decay. 

Figure  11  is  a  plot  of  lifetime  as  a  function  temperature  for 
Titsapphire.  The  lifetime  remained  constant  at  about  4.3  ps 
below  250  K.  But  at  higher  temperatures  the  lifetime  began  to 
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Figur*  10.  Logari-thnic  plot  of  tha  Ti^'*':sapphira  fluorascanca  data 
shown  in  Figura  9. 


cl«or««s*.  This  behavior  indicates  bhab  another  ralaxa'tion  path 
baoana  available  when  temperature  rose  above  250  K. 


ftmntuw  EffigitnoY 

Figure  3  has  already  shown  that  Tit sapphire  fluorescence 
decreases  with  increasing  temperature.  The  intensity  of  the  cw 
pumped  fluorescence  integrated  over  wavelength  and  polarization 
is  proportional  to  the  radiative  relaxation  rate.  Since 
absorption  does  not  change  significantly  with  temperature,  the 
integrated  intensity  is  proportional  to  the  quantum  efficiency. 
Also,  assuming  the  quantum  efficiency  at  T  ^  lo  K  is  lOOt  then 

n  (T)  -  J  j[  Ip<X,T)  dX  /  ^  j[  Ip(X,10)  dX  .  II. 5J 

Figure  12  is  a  plot  of  equation  1.5  and  shows  how  the  quantum 
efficiency  begins  to  decrease  significantly  as  the  temperature 
rises  above  250  K.  Nonradiative  relaxation  begins  to  occur  and 
becomes  quite  pronounced  at  400  K.  Mechanisms  for  such  a 
phenomenon  will  be  discussed  below  in  Section  4. 


Ti:sapphire  Fluorescence  Intensity 


Figure  12.  *apphir»  intagratad  fluorascanca  iirtansity. 


SECTION  2 


Other  Doped  Ma'terials 

ions  in  sapphire  are  capable  of  lasing  over  a  broadband, 
continuously  tunable  wavelength  range.  Since  it  is  the  d 
electron  of  the  Ti^"*"  ion  interacting  with  the  host  lattice  which 
provides  tunability,  the  possibility  of  doping  other  hosts 
deserves  consideration.  Other  hosts  will  provide  different 
crystal  fields  which  may  change  spectroscopic  characteristics  of 
the  Ti^'*'  ions  such  as  absorption  bands,  fluorescence  bands,  and 
fluorescence  lifetime.  For  this  reason  several  new  host 
materials  doped  with  Ti^***  ions  were  investigated. 

Ti3-»-iYA10^ 

In  contrast  to  the  rhombohedral  symmetry  of  sapphire  (Al203> , 
YAIO3  has  orthorhombic  symmetry.  Therefore  YAIO3  has  three 
distinct  crystal  axes  (a,  b,  and  c>  rather  than  just  two  (a  and 
c).  Also,  the  site  symmetry  at  the  Al^'*’  site  (where  Ti^*  ions 
will  substitute)  is  in  YAIO3  rather  than  €3^  in  sapphire.  The 
inversion  symmetry  in  YAIO3  should  result  in  a  longer  Ti3+ 
radiative  lifetime  since  electric  dipole  transitions  are 
forbidden  for  this  symmetry. 

Samples  of  Ti3'*'iYA103  grown  at  Airtron  and  HIT  Lincoln  Lab 
were  cut  and  polished  for  spectroscopic  measurements.  The 
absorption  spectrum  of  Figure  13  (Airtron  sample  2.5  cm  long) 
shows  Ti3'*’iYA103  to  have  a  two  peak  absorption  similar  to 
T i 3'*’ s sapphire  but  at  shorter  wavelengths.  Also,  the  absorption 
did  not  significantly  depend  on  field  orientation  as  it  did  in 
sapphire.  The  shift  of  the  peaks  to  shorter  wavelengths 
indicates  that  the  crystal  field  in  YAIO3  is  larger  than  it  is  in 
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3  Absorption 


Figure  13.  Ti^'*’:YA103  absorption  at  room  temperature. 


Titsapphir*.  This  differs  from  'the  behavior  of  Cr^'*'  ions  in 
AI2O3  and  YA103^^  where  the  absorption  peaks  were  at  similar 
wavelengths  in  the  two  materials.  The  broadband  peak,  centered 
near  900  nm,  appears  to  be  similar  to  the  Ti3‘*'-Ti^‘*’  pair 
absorption  observed  in  sapphire  but  much  larger.  The  long 
sloping  baseline  is  probably  related  to  the  large  scattering  loss 
in  this  sample  which  was  easily  observed  when  transmitting  a  HeNe 
laser  beam  through  the  sample. 

The  polarized  fluorescence  spectra  of  Ti:yA103  shown  in 
Figure  14  were  also  shifted  to  shorter  wavelengths.  In  contrast 
to  T i 3'*' s sapphire,  the  three  Ti^‘*':YAl03  crystal  axes  differed  only 
slightly  in  fluorescence  intensity,  peak  position,  and  bandwidth; 
i.e.,  the  distortion  from  cubic  symmetry  is  small  in  Ti^'*':YA103. 
Peak  wavelengths  for  Ella,  El  lb,  and  Ellc  were  602,  613  and 
610  nm  at  11  K.  Only  one  clearly  identifiable  zero-phonon  line 
at  540  nm  was  observed  in  TiiYA103  at  low  temperatures  (see  inset 
of  Figure  14a).  The  weaker  lines  near  545  nm  could  be  the  other 
two  zero-phonon  lines  or  they  could  also  be  single-phonon 
emission.  If  the  splitting  of  the  triply  degenerate  ^T2  ground 
state  is  less  than  the  zero-phonon  linewidth  then  only  one  zero- 
phonon  line  would  be  seen.  The  linewidth  of  the  540-nm  line  as  a 
function  of  temperature  was  similar  to  that  observed  for 
sapphire.  But  the  Ti3'^iYA103  540-nm  line  was  very  broad;  the 
linewidth  was  similar  in  magnitude  to  UC-H,  the  heavily  doped 
sapphire  sample.  The  lines  near  545  nm  could  not  be  observed 
above  20  K  because  of  the  rapid  growth  and  shift  of  the  broadband 
emission  to  shorter  wavelengths  with  increasing  temperature. 

A  comparison  of  the  Ti^'^iYA103  fluorescence  at  11  K 
(Figure  14a  and  300  K  (Figure  14b)  shows  that  the  broadband 
emission  does  increase  with  temperature.  Locations  of  the  half¬ 
maximum  positions  for  all  three  crystal  axes  are  shown  in 
Figure  15.  Linewidth  (FWHMl  of  the  broadband  fluorescence  vs. 
temperature  for  each  of  the  polarizations  of  the  Ti^'^tYA103 
sample  is  shown  in  Figure  16.  As  in  sapphire,  the  short 
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TirYAIO  Linewidth 


igure  15.  Half-maximuM  intansi'ty  positions  of  Ti^''':YA103  broadband 
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Figure  16.  Ti3'*':YA103  broadband  fluorescence  linewidbh. 


wavelength  half-maximum  position  changed  little  and  the  long 
wavelength  half-maximum  position  increased  with  temperature. 

Fluorescence  lifetime  measurements  (see  Figure  17)  were 
recorded  in  the  same  manner  as  the  Tiz sapphire  measurements. 

They  show  that  Ti:YA103  has  a  longer  lifetime  and  that  although 
lifetime  does  decrease  with  temperature  it  does  not  display  the 
dramatic  drop  with  temperature  that  is  observed  with  Tizsapphire. 
In  addition,  integrated  fluorescence  intensity  (also  shown  in 
Figure  17)  does  not  change  significantly  with  temperature  in 
Ti:YA103  until  the  temperature  is  above  room  temperature.  This 
may  indicate  that  Ti:YA103  quantum  efficiency  remains  near  unity 
even  at  elevated  temperatures.  The  larger  crystal  field  in 
Ti:YA103  appears  to  prevent  nonradiative  loss. 

Attempts  to  observe  lasing  of  Ti:YA103  in  a  collaborative 
effort  with  MIT  Lincoln  Lab^^  and  by  others^^  were  unsuccessful. 
In  fact,  Moulton  noticed  net  loss  when  a  sample  was  pumped  by  an 
argon  ion  laser.  Two  crystals  of  Ti3+:YA103  grown  by  Litton 
Airtron  were  examined  here  in  a  single  pass  gain  experiment  to 
confirm  Moulton’s  results.  A  focused  argon  ion  beam  of  up  to  2  W 
was  chopped  at  10  Hz  and  directed  into  a  2.5  cm  long  Ti^'*':YA103 
crystal.  At  the  same  time  a  HeNe  probe  beam  at  632.8  nm  was 
col inear ly  focused  into  the  sample  and  detected  with  a  silicon 
detector  (See  Figure  18). 

Even  before  application  of  the  pump  beam,  the  probe  beam  was 
attenuated  more  than  the  expected  reflection  losses  indicating 
that  scattering  and  ground-state  absorption  were  present;  this 
confirms  the  interpretation  of  the  absorption  spectrum  data  of 
Figure  13.  In  contrast  to  Tizsapphire,  annealing  experiments  at 
MIT  Lincoln  Labs  were  not  able  to  significantly  reduce  the  size 
of  this  peak. 

The  time  dependence  of  the  probe  signal  was  a  complicated 
function  of  time  and  pump  power.  The  observed  changes  in  signal 
did  not  have  lifetimes  characteristic  of  the  Ti^'*'  fluorescence 
lifetime.  Rather,  most  effects  occurred  in  time  intervals 
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i^‘*':YA103  fluor*sc«nc«  lifetime  end  integrated  intensity 
s .  temperature . 


Single  Pass  Gain  Experiment 


Figure  18.  Expert merrkal  arrangenen't  ■to  measure  single-pass  gain  in 
Ti3+.YAin«. 


-thAn  1  ms  wi^h  som*  offsets  -taking  minutes  to  appear. 

Both  increases  and  decreases  in  probe  beam  transmission  were 
observed.  Such  effects  are  typically  attributed  to  color  centers 
which  are  being  created  and  destroyed  by  the  pump  beam. 

Efficient  lasing  of  Ti3'*’iYA103  will  require  further 
development  of  the  growth  technique.  Color  centers  were  also  a 
problem  with  early  growth  of  Nd3'*'tYA103  so  the  problem  was  solved 
in  a  related  case.  Growth  in  a  controlled  atmosphere,  nitrogen 
or  reducing,  has  been  suggested  as  a  possible  solution. 

Recently,  stimulated  emission  from  a  thin  plate  (3.5  mm>  of 
Ti tYA103  was  reported  by  Perner^^  so  with  further  work  to  reduce 
the  anomalous  absorption,  efficient  lasing  should  be  possible. 

Two  samples  of  Ti^***  doped  yttrium  aluminum  garnet  (YAG>  were 
supplied  by  Union  Carbide  for  analysis.  Yttrium  aluminum  garnet 
is  cubic  with  octahedral  symmetry  at  the  aluminum  site  where  Ti^’*' 
substitution  takes  place.  The  other  Al^'*'  site  has  tetrahedral 
symmetry . 

The  absorption  spectrum  of  the  more  heavily  doped  Ti^''’:YAG 
sample  is  shown  in  Figure  19.  The  double  peak  Ti^'*'  absorption 
was  again  present  but  at  longer  wavelengths,  505  and  585  nm,  than 
in  sapphire.  Ti3'''tYAG  is  expected  to  have  a  smaller  crystal 
field  and  thus  absorption  and  emission  are  expected  to  be  shifted 
to  longer  wavelengths.  There  is  little  evidence  of  a  broadband 
absorption  peak  in  the  SOO-nm  region  indicating  that  Ti:YAG 
should  not  have  the  anomalous  absorption  problem  of  Ti:YA103. 

Like  the  absorption  peaks,  the  fluorescence  of  Ti^'*'tYAG  was 
shifted  to  longer  wavelengths  with  a  maximum  at  766  nm 
(Figure  20).  At  low  temperatures,  zero-phonon  lines  were 
observed  at  650.6,  651.4,  and  653.3  nm.  The  zero-phonon  lines 
were  too  close  together  to  make  accurate  linewidth  measurements. 
Room  temperature  (300  K)  fluorescence  was  found  to  be  much  lower 
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YAG  Absorption 
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Figure  19.  Ti^+iYAG  absorption  at  room  temperature 


Ti:YAG  Fluorescence 
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20.  Ti^'*':YA6  fluor»sc*nc*  mt  12  and  300  K.  Zaro-phonon 

emission  in  -the  650  -  655  nm  region  is  shown  in  'the  inse't 


in  inbcnsi'ty  'than  tha  12  K  spectrum.  A  plot  of  the  integrated 
fluorescence  intensity  versus  temperature  is  shown  in  Figure  21. 
Integrated  intensity  began  to  decrease  in  magnitude  at 
'temperatures  above  100  K.  The  fluorescence  lifetime  (also  shown 
in  Figure  21)  followed  a  similar  trend  indicating  that 
nonradiative  loss  begins  at  much  lower  temperatures  in  Ti3'*':YAG. 
The  TiiYAG  lifetime  was  measured  to  be  48  ps  at  11  K.  This 
lifetime,  much  longer  than  the  Ti:sapphire  lifetime,  is  caused  by 
the  presence  of  inversion  symmetry  in  the  YAG  crystal.  But  the 
lifetime  quenches  rapidly  with  increasing  temperature  indicating 
that  nonradiative  relaxation  begins  to  occur  at  temperatures  well 
below  room  temperature.  The  rapid  quenching  with  temperature 
makes  laser  operation  at  room  temperature  highly  unlikely.  There 
was  no  significant  difference  in  lifetime  between  the  lightly  and 
heavily  doped  Ti3'*':YAG  samples.  As  a  follow-on  to  this  effort, 
some  measurements  of  single  pass  gain  and  possibly  lasing  will  be 
attempted  at  low  temperatures  (77  K) . 


A  small  service  contract  was  negotiated  and  signed  with 
Litton  Airtron  to  grow  spectroscopic  and  laser  samples  of  Ti^'*' 
doped  (jSGG  (gadolinium- scandium-gal  Hum  garnet)  if  possible. 
Samples  grown  had  a  pale  yellow  color  and  an  almost  featureless, 
gradually  decreasing  transmission  with  decreasing  wavelength.  In 
the  first  two  samples,  fluorescence  was  weak  and  did  not  seem  to 
correlate  with  Ti^***  concentration.  Broadband  fluorescence  was 
observed  in  the  red  and  near-IR  regions  but  it  had  an  unusually 
long  lifetime  of  110  ps.  Finally,  when  the  low -temperature 
fluorescence  was  measured  at  11  K  and  compared  to  Cr^'*' : (7S<3G 
fluorescence,  the  nearly  identical  spectra  made  it  clear  that  the 
observed  fluorescence  in  the  ”Ti^'*'iGSGG"  samples  was  due  to  Cr^'*' 
impurities. 

The  Airtron  approach  to  growing  Ti^'*'tGS(3G  was  to  initially 


Ti3+;YAG  Lifetime  and  Integrated  Intensity 
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Ti^'^’xYAG  fluorescence  life-time  and  integrated  intensity 


US*  an  oxidizing  a-tmospher*  during  growth  to  prevent 
volatilization  of  gallium.  Then  an  annealing  step  was  employed 
to  reduce  titanium  incorporated  as  Ti^"*"  to  Ti^'*’  by  heating  the 
sample  in  a  reducing  atmosphere.  Chemical  analysis  of  boules 
grown  indicated  that  titanium  was  present  but  there  was  no 
spectroscopic  evidence  of  Ti^'*'  ions.  Once  incorporated  into  the 
GSGG  lattice  titanium  appears  to  be  immune  to  any  attempts  to 
change  its  valence  state.  Growth  of  Ti3'*‘tGSGG  was  discontinued. 


A  program  to  grow  spectroscopic  samples  of  Ti^***  doped 
gadolinium-scandium-aluminum  garnet  <GSAG>  was  initiated  with 
Union  Carbide.  This  garnet  host  was  chosen  because  crystals 
could  be  grown  in  neutral  or  reducing  atmospheres;  volatilization 
or  change  in  oxidation  state  of  gallium  makes  growth  of  GSGG  in 
an  oxidizing  atmosphere  necessary.  Samples  of  Ti3''*sGSAG  were 
grown  in  a  2"  diameter  by  2”  high  crucible.  The  initial  sample 
was  doped  with  1  at%  Ti  and  was  pale  yellow  in  color.  The 
absorption  spectrum  showed  weak  absorption  in  the  500-600  nm 
region  and  strong  absorption  at  450  nm.  Further  investigation  of 
this  and  other  samples^^  showed  that  two  ions  were  responsible 
for  the  observed  optical  properties.  The  absorption  peak  at 
450  nm  and  correlated  yellow  fluorescence  in  the  500-650  nm 
region  were  due  to  the  presence  of  Ce^'*'  contamination.  The  two 
broadband  absorption  peaks  at  520  nm  and  620  nm  were  identified 
as  Ti^'*'  absorption  (see  Figure  22).  Broadband  emission  from 
690  nm  to  beyond  1150  nm  and  peaked  at  840  nm  was  also  observed 
(see  Figure  23).  Excitation  spectrum  measurements  showed  that 
the  absorption  peaks  at  520  and  620  nm  were  directly  related  to 
the  840-nm  emission  peak.  Even  with  relatively  high  doping 
levels  of  titanium  (up  to  3  at%)  the  absorption  was  quite  weak 
when  compared  to  Tit  sapphire.  Either  only  a  small  fraction  of 
the  titanium  was  being  incorporated  or  much  of  the  titanium 
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Figure  23.  Ti^'*':GSAG  fluorescence  at;  12  and  300  K.  Zero-phonon 
emission  in  "the  690  nm  region  is  shown  in  the  inset. 


inoorpora^d  in^o  -th*  orya-tal  mas  ra-ther  -than  Ti^***. 

Tha  aharp  paaka  iti  -tha  850-900  mu  nagion  and  anothar  group  in 
-tha  1000-1100  na  ragion  ara  claarly  not  ralatad  to  tha  TitGSAG 
aaiaaion  ainca  thay  do  not  dacraaaa  in  magnitude  like  the 
broadband  peak  doaa  Mhan  going  to  higher  (room)  temperatures. 
Paaka  in  both  regions  ware  identified  as  fluorescence  of  Nd^'*' 
impurities. 

The  inset  of  Figure  23  shows  the  emission  of  the  short 
wavelength  side  of  the  TiiQSAQ  sample.  The  features  near  690  nm 
were  tentatively  identified  as  one  or  more  2ero-phonon  lines 
since  linewidths  had  a  temperature  dependence  similar  to  that 
observed  in  other  Ti^***  doped  materials. 

Fluorescence  lifetime  measurements  are  shown  in  Figure  24. 
Although  the  lifetime  (5.5  ps)  was  greater  than  the  Titsapphire 
lifetime  at  11  K,  it  decreased  rapidly  above  50  K.  The 
integrated  fluorescence  intensity  also  decreased  rapidly  as 
temperature  increased  (also  shown  in  Figure  24).  At  room 
temperaturei  the  fluorescence  emission  was  almost  totally 
quenched  by  nonradiative  relaxation. 

Further  work  is  being  done  to  investigate  the  feasibility  of 
lasing  Ti^'*'  ions  in  G8AQ.  Although  cryogenic  cooling  would  be 
necessary  for  efficient  lasing,  the  broadband  tuning  range 
possible  extends  farther  into  the  infrared  than  with  Titsapphire 
making  this  material  of  interest  in  a  number  of  applications  such 
as  fibers  and  frequency  doubling  to  455  nm. 
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SECTION  3 


Th*or*'tical  Review  of  Spectroscopic  Proper-ties 

The  Vibronic  Hawiltonian 

In  a  crys'tal,  each  ion  is  subjec-t  -to  an  electric  field 
origina-ting  from  the  surrounding  ions.  This  crystal  field 
removes  the  spherical  symmetry  of  a  free  ion  and  splits  the 
electronic  orbital  degeneracy  outside  the  closed  shell  since  the 
ion*s  electrons  Mill  prefer  to  avoid  regions  where  electronic 
density  of  the  surrounding  ions  is  greatest.  For  transition 
metal  ions  with  d-orbital  electrons  (such  as  Ti^***  and  Cr^'*')  the 
effect  of  the  crystal  field  is  large.  In  contrast,  the  crystal 
field  effect  is  small  for  lanthanide  ions  with  f~orbital 
electrons  (such  as  Nd^***)  because  the  f  electrons  are  shielded  by 
outer-lying  s  and  p  electrons.  Thus,  transition  metal  ions  have 
electron  orbital  splittings  which  are  quite  sensitive  to  the 
crystal  symmetry  and  component  ions  of  their  host  lattice  while 
lanthanide  ions  are  relatively  insensitive. 

Tanabe  and  Sugano^^  have  calculated  the  crystal  field  effects 
on  all  d*^  ions  in  octahedral  symmetry.  In  the  case  of  Ti^'*', 
there  is  one  3d  electron  outside  filled  argon  and  4s  shells.  In 
octahedral  symmetry,  there  are  six  equidistant  negative  ions 
positioned  on  the  x,  y  and  z  axes.  The  five  d  orbitals  (dx2, 
dx2-y2,  dxy,  dxz  *nd  dyj)  are  split  into  two  groups.  The  dyy, 
dxz  end  dy2  orbitals  have  their  electron  density  maxima  directed 
between  the  negative  ions  but  the  dx2  and  dx2-y2  are  directed 
straight  at  the  negative  ions.  Thus  d  orbitals  are  split  into 
two  types,  e  (dx2  and  dx2_y2>  and  t2  (dxy,  dxz  dyx)  ,  with  the 

splitting  directly  proportional  to  the  crystal  field  strength 
(see  Figure  25).  If  the  crystal  symmetry  is  less  than 
octahedral,  then  further  splitting  of  the  d  orbitals  occurs. 


d  Orbital 
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Figure  25.  Spli't'ting  of  a  d  orbi'tal  under  crystal  fields  of 
successively  lower  symmetry. 


Figure  25  also  shoMS  'the  effects  of  'trigonal  and  ‘te-trahedral 
syiMie'tries.  Trigonal  symme'try  (-the  symme-try  present  in  AI2O3) 
splits  the  triply  degenerate  t2  level  into  an  upper  doublet  and  a 
ground^state  singlet  but  does  not  break  the  degeneracy  of  the 
doubly  degenerate  e  level.  Further  reduction  in  crystal  symmetry 
(such  as  adding  a  biaxial  symmetry  component)  ultimately  removes 
all  degeneracy  resulting  in  five  singlet  levels. 

Up  to  this  point,  motion  of  the  ionic  nuclei  in  the  crystal 
has  not  been  considered.  The  potential  seen  by  an  electron  in 
some  crystalline  framework  has  a  static  and  a  dynamic  part. 

V(q,Q)=  Vo(q>  +  £  (6V/6Q|^)Q|^  +  higher  order  terms  13.11 

k 


where  q  is  the  electronic  position,  is  the  k-th  normal 
coordinate  of  a  central  cation  surrounded  by  six  nearest  neighbor 
anions,  Vq  is  the  static  potential,  and  we  assume  that  the 
dynamic  part  of  the  potential  can  be  expanded  in  powers  of  Q.  In 
the  harmonic  approximation  we  may  ignore  higher  order  terms  and 
use  only  the  first  two  terms  of  eq.  3.1.  The  nuclear  Hamiltonian 
reduces  to  a  sum  of  independent  harmonic  oscillators,  one  for 
each  normal  mode  k,  i.e., 

«nuc-  I  S  "  '‘k-^k^’  '3-2> 

and 

(n . . . n^^ .  .  .  )  ~  ^  hWj^(n|^+  1/2)  [3.31 

n^^®  O,  1,  2,  ... 

where  P|<  is  the  conjugate  momentum  operator,  is  the  effective 

mass,  and  is  the  frequency  of  the  kth  normal  mode.  Strictly 
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speaking,  a  crys-talline  solid  doas  not  have  the  normal  modes  of 
an  isolated  molecule  but  to  the  extent  that  nearest-neighbor 
interactions  dominate,  using  the  normal  modes  as  definitions  of 
the  Q|(  coordinates  is  a  valid  approximation. 

The  Hamiltonian  for  the  active  electrons  (i.e.,  electrons 
which  are  not  in  closed  shells)  has  a  static  part,  when  -  O, 
and  an  active  part  which  is  the  second  term  of  equation  3.1. 

Using  first  order  perturbation  theory,  the  effective  electronic 
Hamiltonian  can  be  written 

«ir  ®k  ^3-^^ 

where 

h^Jk)  =  <i  l6V/6aj^l  j>  [3.51 

is  a  g  X  g  matrix  and  g  is  the  degeneracy  of  the  electronic 
level.  Combining  equations  3.2  and  3.4  gives  the  first-order 
Hamiltonian  for  the  whole  system,  both  electrons  and  nuclei.  The 
eigenfunctions  of  this  combined  Hamiltonian  are  a  vibronic  wave 
function  «|f.  In  the  absence  of  any  crystal  field,  hj^  =0,  and  \|f 
is  a  product  of  the  electronic  and  nuclear  wavefunctions  (the 
Born-Oppenheimer  approximation) .  But  the  introduction  of  a 
crystal  field  results  in  a  vibrational -electronic  (vibronic) 
interaction  making  the  electronic  wavefunctions  and  energies  no 
longer  independent  of  the  nuclear  wavefunctions. 

Configuration-Coordinate  Model 

A  useful  aid  in  understanding  vibronic  interactions  is  the 
configuration-coordinate  model. Consider  an  ion  with  two 
nondegenerate  states.  Group  theory  arguments  can  easily  show 
that  only  a  totally  symmetric  distortion  can  produce  a  first- 
order  shift  in  a  nondegenerate  level. Thus  the  discussion  is 
confined  to  the  totally  symmetric  "breathing"  mode  of  the  system 
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and  Qi  »  is  a  aaasura  of  'tha  davia'tion  of  'the  mean  neares't- 
neighbor  separation  from  its  equlibrium  value.  The  energy  of  the 
ground  electronic  states  because  of  the  vibrational  interaction, 
has  a  quadratic  dependence  on  A,  i.e., 

Ej  »  13. 6J 

The  upper  electronic  state  has  a  similar  energy  curve  but  the 
separation  betmeen  states  contains  a  term  linear  in  Q  so  the 
minimum  of  the  upper  parabola  mill  be  at  finite  Q  =  Qq* 
difference  in  position  in  energy  minimum  for  the  two  different 
energy  levels  is  intuitive  when  we  remember  that  the  higher 
energy  wave function  has  a  different  symmetry  and  thus  has  a 
different  equlibrium  position  for  the  surrounding  ions. 

Ej  *  -  aj)  [3.71 

In  Figure  26,  equations  3.6  and  3.7  are  shown  in  a  configuration 
coordinate  diagram.  The  ordinate  is  energy  and  the  abscissa  Q 
represents  the  deviation  of  the  mean  nearest -neighbor  separation 
from  the  ground-state  equilibrium  value.  The  harmonic  oscillator 
force  constant  has  also  been  assumed  to  be  the  same  for  both 
levels,  i.e.,  pw^  a  p*w'2  which  means  that  there  is  zero 
quadratic  coupling. 

The  absorption  and  fluorescence  spectra  of  transition  metal 
ions  are  aptly  explained  by  the  configuration  coordinate  model. 
Possible  transitions  between  the  two  electronic  states  are 
represented  in  Figure  26  by  vertical  lines  based  on  the  Franck- 
Condon  principle^!  22  which  states  that  electronic  transitions 
occur  rapidly  relative  to  nuclear  motion.  The  broadband  nature 
of  both  the  absorption  and  fluorescence  is  due  to  differences  in 
equilibrium  position  of  the  ground  and  excited  states.  Even  at 
Qo  K  zero-point  motion  spreads  the  wave  function  in  a  Gaussian 
manner  allowing  a  distribution  of  transitions  with  different 
energies. 

The  basic  operation  of  a  vibronic  laser  as  a  four- level  laser 
is  also  shown  in  Figure  26.  Excitation  can  be  either  broadband 
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(flashlMp  puMping)  or  n«rroM~b«nd  Clasor  pumping).  Onco  oxci-ted 
-tho  olootron  -thon  rapidly  rolaxaa  -to  tha  lomar  vibra-bional  levels 
of  the  excited  state  by  emitting  phonons  to  the  lattice. 
Stimulated  emission  can  then  occur  at  any  of  the  fluorescence 
Mavelengths  provided  losses  are  overcome  and  some  mechanism  for 
Mavelength  selection  is  used.  Fluorescence  or  laser  emission 
returns  the  ion  to  its  ground  electronic  state  but  in  a 
vibrational ly  excited  state.  Again  phonons  are  rapidly  emitted 
to  the  lattice  returning  the  ion  to  its  ground  state. 

Jahn-Teller  Effect  on  Ti^'*'  Ions 

Up  to  this  point  degeneracy  of  a  particular  energy  level  has 
not  been  considered.  Homever,  the  Jahn-Teller  theorem^^  states 
that  any  complex  occupying  an  energy  level  with  electronic 
degeneracy  is  unstable  against  a  distortion  which  removes  the 
degeneracy  to  first  order.  The  instability  arises  because  even 
though  the  center  of  gravity  of  the  level  remains  constant,  a 
linear  splitting  of  the  level  must  result  in  a  state  with  lower 
energy  than  the  unsplit  level.  The  distortion  is  opposed  by 
crystal  field  forces  and  thus  a  new  position  of  equilibrium  is 
reached  which  has  lower  local  symmetry.  Interestingly,  Sturge^^ 
makes  the  point  that  a  distortion  that  removes  electronic 
degeneracy  must  itself  be  degenerate  so  there  will  be  more  than 
one  position  of  equilibrium  with  equal  energy.  Thus  the  original 
electronic  degeneracy  is  replaced  with  a  more  complicated 
vibronic  degeneracy.  As  will  be  shown  below,  Ti^'*'  ions  are  a 
good  example  of  this  effect. 

Ti^***  ions  in  a  octahedral  field  have  a  triply  degenerate 
ground  state  (^2^  *  doubly  degenerate  excited  state  (^). 

Because  interpretation  of  the  optical  properties  of  Ti^***  ions 
depends  on  Jahn-Teller  effects,  a  theoretical  review  of  Jahn- 
Teller  splittings  is  given  below.  A  more  thorough  and  rigorous 
discussion  of  the  Jahn-Teller  effect  is  given  by  Sturge.^^ 
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As  shOMn  in  Tsbls  2$  t;h*  disborbions  of  an  ocbahsdron  can  be 
analyzed  inrbo  15  normal  modes.  The  odd  pari'ty  disboirbions  are 
nob  of  inberesb  because  me  are  considering  a  cenbrosymmebric 
sysbem.  A  group  bheorebical  proof  of  bhe  Jahn-Teller  bheorem 
requires  bhab  bhe  irreducible  represenbabion  of  bhe  disborbion 
(Tcj)  musb  be  conbained  in  bhe  symmebric  direcb  producb  tr^l  if 
bhe  mabrix  elemenb  of  equabion  3.5  is  nob  bo  vanish;  F  is  bhe 
irreducible  represenbabion  of  bhe  energy  level  under 
cons i derab i on . 


The  Jahn-Teller  Effecb  in  bhe  Doubly  Degenerabe  Sbabe 


For  bhe  doubly  degenerabe  level,  lE^i  =  Aj  +  E.  Thus  the 

X2g  disborbions  do  nob  splib  bhe  level.  The  Og  disborbion  is 
bobally  symmebric  and  can  only  shifb  bhe  ^E  energy,  nob  splib  bhe 
level.  Only  bhe  doubly  degenerabe  Cg  remains  bo  be  considered. 
The  irreducible  represenbabions  of  bhe  doubly  degenerabe  ^E  level 
ares 


^2  •  [  1  0  ]  *  ^3  “  [  0  1  ]  ^ 

so  using  eqs.  3.4  and  3.5  and  bhe  Wigner-Eckarb  bheorem 

't,  a*  ]  *  •  •  ' 


where  T^^  is  bhe  nuclear  kinebic  energy  and  A  is  a  measure  of  bhe 
sbrengbh  of  bhe  Jahn-Teller  coupling.  Converbing  bo  polar 
coordinabes,  i.e.,  »  p  cos  9,  Qa  *  P  sin  0,  yields: 


-cos  0 
sin  0 


sin  0 
cos  0 


2  2 

pw  p  + 


[3.10] 


The  deberminanb  of  bhe  mabrix  in  eq.  3.10  is  bhe  producb  of  bhe 
eigenvalues  so  bhe  energies  are 

E^  =  ±Ap  +  Jp»gP^  +  T^  (3.111 

Thus,  bhe  pobenbial  energy  surface  is  double  valued  and 
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Table  2 

NorMal  Hod*  Coordina'tes  for  bha  Octrahedral  XY^  Complex 


Symmetry 


Coordinates 


«lg 

(XI 

— 

X4  ♦  y2 

— 

ys  + 

®2 

(XI 

- 

X4  -  y2 

+ 

y5>/2 

^3 

*9 

(223  • 

«  226  "  XI 

+  X4 

''2g 

(22 

- 

25  +  y3 

- 

y6>/2 

''2g 

<X3 

- 

X6  ♦  *1 

- 

24>/2 

<^6 

^2g 

<yi 

- 

y4  ♦  X2 

- 

X5)/2 

®7 

^lu 

(X2 

+ 

X3  ♦  X5 

X6)/2 

<yi 

+ 

y3  *  y4 

+ 

y6>/2 

O9 

^lu 

+ 

*2  ♦  *4 

+ 

251/2 

®10 

“^lu 

(XI 

+ 

X4)/^ 

<^11 

'^lu 

<y2 

+ 

ysJ/XJ 

®12 

'flu 

<23 

26)/^ 

<^13 

'f2u 

<X2 

+ 

X5  -  X3 

- 

X6)/2 

®14 

'f2u 

<y3 

ye  -  yi 

- 

y4>/2 

^15 

‘C2u 

+ 

24  -  22 

- 

25>/2 

23  -  zgl/Js 

■  y2  y5>^2jT 


In  odd  parity  modes  the  central  ion  is  held  fixed  rather  than  the 
center  of  mass. 


cyl indrical ly  symmetric.  The  surface  consists  of  a  parabola 
offset  from  the  cylinder  axis  and  then  swept  about  the  axis  as 
shown  in  the  top  part  of  Figure  27.  The  form  is  commonly  known 
as  the  Mexican  hat.  The  energy  surface  minimum  occurs  at  a 
radius 

P-in-  ‘3-121 

and  the  difference  in  energy  at  •nd  p  »  O  is 
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ConfiQuration 
ate 


Jahn-Teller  Energy  Levels 

(not  to  scale) 


Figure  27.  Ti^'*’  Jahn-Teller  dis-bor-ted  po^en-tial  energy  surfaces. 

The  energy  separa-tion  of  'the  'two  levels  and  -the  ^T2  spread 
in  paraboloid  minima  are  exaggera-ted  for  clari'ty. 


[3.131 


ECO>  -  -  E^, 

Mhich  is  cAll*cl  'th*  Jahn-T*ll*r  anargy. 


Th«  Jahn-Tallar  Effact  in  -tha  ^T2  Triply  Daganera-te  S-ta-te 


The  Ti^”*"  T2  ground -a-t ate  level  has  tT2l^  =  Aj  +  E  +  Tj  +  T2 
and  thus  there  can  be  coupling  to  a^g,  Cg  and  T2g  vibrations. 
Again,  the  a^g  vibration  Mill  not  split  the  level.  In  octahedral 
coordination  of  transition  metal  ions,  the  e  vibrations  couple 
much  more  strongly  than  the  T2g  vibrations  so  the  latter  can  be 
ignored  or  at  least  treated  as  a  perturbation.  If  we  also 
neglect  spin-orbit  coupling  and  anharmonicity ,  the  Hamiltonian  of 
eqs.  3.4  and  3.5  becomes 


H  «  A 


[3.141 


where  we  have  used  a  real  basis  set  for  the  T  term  and  defined 
'll*  *12  *”**  *13  ■t®  nonorthogonal  symmetry  coordinates  equally 
spaced  in  the  Q2>^3  pi^ne.  In  this  representation  the 
Hamiltonian  is  diagonal.  The  q's  are  defined  as 

q^  =  -  J  ©3  +  j/3  Q2  [3.15al 

**2  “  ■  *  ®3  "  ®2  [3.15bl 

q3  =  ^3  [3.15cl 

The  energy  potential  surface  thus  consists  of  three  separate 
paraboloids  each  displaced  along  a  q^  axis  by  Pmin  ®®*1  downward 
by  a  Jahn-Teller  energy  Ejy  where  p^in  ^JT  "th®  s®*"® 

definitions  as  in  eqs.  3.12  and  3.13.  A  plot  of  the  three 
potential  surfaces  is  shown  in  the  bottom  part  of  Figure  27. 

Macfarlane  et  al.24  -then  taken  the  next  step  of 

reintroducing  spin-orbit  effects,  trigonal  distortion,  and 
configurational  interaction  with  the  ^  level  as  perturbations. 
The  result  is  that,  in  general,  the  three  paraboloids  no  longer 


h«v«  •qual  minima  bu't  are  split:  in  anargy. 

QP^4g#V  Prqptr^iyj 

Bacausa  of  tha  Jahn-Tallar  spli-t-ting  of  -bha  laval,  -the 
absorption  spectrum  of  a  Ti^***  ion  will  have  two  broadband  peaks, 
one  corresponding  to  tha  lower  and  tha  other  to  tha  upper 
potential  curve  (sea  Figure  28).  Tha  splitting  of  tha  ^T2 
triplet  is  a  small  perturbation  and  can  usually  be  ignored  for 
discussions  of  Ti^'*'  optical  properties  except  for  discussions  of 
zero-phonon  transitions.  Also,  the  double  peak  absorption 
feature  does  not  depend  on  the  Jahn-Teller  splitting  of  the  lower 
level.  Even  if  the  lower  level  is  nondegenerate  and  centered  at 
the  origin,  the  three-dimensional  nature  of  the  paraboloids  would 
result  in  a  double  absorption  peak.  This  is  shown  as  follows: 

For  a  ground-state  vibrational  wave  function, 

=  cCB  ^^^exp[-a^p^/21  ,  [3.161 

the  probability  distribution  is 

p(p)dp  *»  2a^p  exp[-a^P^l  .  13.171 

This  has  its  maximum  at  l/(c»r2>,  not  at  p  ^  0.  Inclusion  of 
ground-state  Jahn-Teller  splitting  would  change  the  location  of 
the  probability  distribution  maximum.  The  presence  of  Jahn- 
Teller  splitting  of  the  ^T2  ground  state  as  well  as  other 
perturbations  would  not  be  observable  in  the  absorption  spectrum 
since  they  would  only  tend  to  further  broaden  the  already 
broadband  absorption  peaks. 

Emission  (fluorescence)  is  expected  to  be  a  single  broadband 
peak  represented  by  transitions  from  the  lowest  vibrational 
levels  of  the  Mexican  hat  minimum  to  the  three  ground-state 
paraboloids.  Although  the  upper  level  has  cylindrical  symmetry, 
the  ground  state  does  not  due  to  both  Jahn-Teller  splitting  and 
other  perturbations.  This  assymmetry  contributes  to  the 
broadness  of  the  transition  and  has  some  important  consequences 
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concerning  'the  probabili'ty  of  nonradiabive  brans ib ions.  This 
bopic  will  be  discussed  furbher  in  Secbion  4. 

The  quanbum  mechanical  wavefuncbions  exbend  beyond  bhe 
classical  pobenbial  curves  and  bhis  can  resulb  in  a  finibe 
probabiliby  of  direcb  zero-phonon  bransibions  bebween  bhe  and 
^2  sbabes.  Such  bransibions,  bobh  in  absorpbion  and  emission, 
will  be  very  sharp  since  bhey  do  nob  involve  coupling  bo  bhe 
labbice.  In  general,  bhree  peaks  will  be  splib  by  perburbabions 
discussed  above.  However,  bhe  zero-phonon  inbensibies  are 
expecbed  bo  be  quibe  small  and  could  easily  be  obscured  by  bhe 
broadband  mulbi -phonon  bransibions. 


SECTION  4 


Comparison  of  Spectroscopic  Proper-ties  in  Differen-t  Hos-ts 


The  -theore-tical  description  of  energy  levels  and  op-tical 
-transi-tions  in  Ti^*^  ions  given  in  Section  3  is  valid  for  any 
crys-talline  hos-t.  The  specific  values  required  -to  fi-t  -the 
-theore-tical  model  mill  vary  from  hos-t  -to  hos-t.  The  spec-troscopic 
measurements  described  in  Sections  1  and  2  can  be  used  to 
investigate  the  effects  which  different  hosts  can  have  on 
optical  properties. 

The  ^  excited  levels  and  the  ^2  pt'ound-* state  levels  have 
energy  surfaces  described  byt 

t  Ap  +  |yM*p*  (4.1a] 

Vg<p)  -  Jv«*<P  -  P^)*  +  E.  -  E^  [4.1bl 

where 

E^  =  crystal  field  splitting 

T  2 

Ej^  =  Jahn-Teller  energy  (positive)  of  the  state 

A  ^  Jahn-Teller  coupling  strength 

p^  -  location  of  maximum  probability  density  for  one 
*  of  the  ^T_  paraboloids 

2 

E.  =  the  splitting  energy  of  the  three  T2  levels  with 
the  lowest  set  at  zero 

Absorption  involves  transitions  from  the  ^T2  paraboloid  ground 
states  to  the  ^  excited  states.  Based  on  equations  4.1a  and 
4.1b  the  two  broadband  absorption  peaks  have  model  energies  oft 


Physically,  Eq  is  simply  the  energy  difference  between  the  bottom 
of  a  2*P2  paraboloid  and  the  energy  at  p  =  O. 

Theoretically,  zero-phonon  absorption  should  take  place  as 
narrow  peaks  at  an  energy  smaller  than  the  broadband  absorption 
peaks.  But  at  room  temperature  the  zero-phonon  peaks  were  too 
broad  and  too  weak  to  be  observed.  However,  sharp  but  weak  zero- 
phonon  transitions  were  observed  in  fluorescence  experiments  at 
low  temperatures.  These  emission  transitions  obviously  have  the 
same  energy  as  the  zero-phonon  absorption  transitions.  In  terms 
of  the  above  equations,  the  zero-phonon  energy  can  be  written  as 

E  =  E  -  E^„  =  E  -  A*/2p«*  [4.61 

z  o  JT  o 

where  the  second  term  on  the  right  hand  side  is  the  Jahn- 
Teller  energy.  Using  equations  4.3  -  4.6,  the  Jahn-Teller  energy 
can  be  calculated  in  terms  of  experimentally  measured  parameters, 
i  .e. , 

E^  =  {t  -  2E^  +  [<2E^-  T)^  -  AE^l  j/4  £4.71 


Me  can  then  use  eqs.  4.3  -  4.6  to  calculate  Eq,  Ap^  and  pu^p^z. 
The  scaling  of  p  is  arbitrary  so  it  is  permissible  to  set 
Pa  = 
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InforRta^ion  on  'th*  2^^  paraboloids  can  ba  gleaned  from 
fluorescence  peak  information.  Fluorescence  emission  takes  place 
at  p  B  p^,  the  configuration  coordinate  of  the  Mexican  hat 
minimum.  The  energy  of  the  level  at  this  radius  is 

V,<Pi  -  V  =5l  • 

The  fluorescence  transitions  are  vertical  transitions  from  the 
Jahn-Teller  distorted  minimum  to  the  three  ^T2  paraboloids.  For 
the  paraboloid  offset  from  the  origin  along  the  x  coordinate 
axis,  the  energy  surface  can  be  written  as 

V  <p  ,  p  )*  14.91 

9  X  y  ^  jc  d  y  1 

where  the  strength  of  the  bottom  paraboloids  is  assumed  to  be  the 
same  as  the  excited-state  ones  is  the  same  for  both  sets  of 

levels,  a  reasonable  assumption  in  most  cases).  For  p«p^  (the 
emission  peak)  and  angle  6  in  configuration  coordinate  space, 

p^-  P^cos  e  (4.10a] 

p  =  P_sin  e  [4.10b] 

y  ^ 

and  if  we  define  y  such  that  p  »  yp  then  eq.  4.9  becomes 

e  a 

Vg<p^)  =  2P«V*tr*  ■  2y  cos  e  +  1]  +  .  [4.11] 

The  fluorescence  transition  energy  is  eq.  4.8  -  eq.  4.11  or 

E^  »  E^-  "  2y  cos  0  +  11  -  E^  .  [4.12] 

Since  we  are  only  interested  in  the  peak  of  the  emission  here, 
the  average  E«  may  be  used,  i.e., 

E^-  Jvw*pjlr*  +  IJ  -  .  [4.131 

or 

T»  »  2[e^  -  E,  -  -  E j  ]  ♦  w.*  .  1  14.141 

Once  V  is  known,  A  and  the  Jahn-Teller  energy  for  the  ^^2  state 
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can  also  be  calculated. 

The  results  of  measurements  and  calculations  are  shown  in 
Table  3  for  the  different  host  materials  studied.  In  the  case  of 
6SAG,  identification  of  the  zero-phonon  lines  is  somewhat 
tentative  although  use  of  a  feature  observed  at  691  nm  appears  to 
give  reasonable  results. 

A  progression  of  crystal  field  strength  (EcF^  correlates  with 
the  energies  of  absorption  and  emission  peaks  from  strongest  to 
weakest  in  the  four  crystals  studied.  The  order  is  as  listed  in 
Table  3:  YAIO3,  AI2O3,  YAG,  and  GSAG.  With  one  exception,  this 
is  the  same  crystal  field  strength  order  seen  in  these  crystals 
when  doped  with  Cr^'*'  ions  (see  Table  4).  The  exception  is  that 
the  crystal  field  for  Cr^'*’  is  about  the  same  in  YAIO3  and  AI2O3 
but  with  Ti^***  ions,  the  crystal  field  is  much  higher  in  YAIO3 
than  in  AI2O3.  One  possible  reason  may  be  the  difference  in 
ionic  radii  of  the  two  dopants.  Ti^***  is  slightly  larger  than 
Cr^"*"  and  the  Ti^'*’  electronic  energies  should  be  more  sensitive  to 
the  locations  of  surrounding  oxygen  ions. 

The  Jahn-Teller  energy  of  the  excited  state  is  apparently 
not  directly  related  to  crystal  field  strength;  even  the  value  A 
is  not  correlated  to  field  strength.  The  Jahn-Teller  energy  is 
at  about  3000  cm~^  in  all  four  host  materials.  The  Jahn-Teller 
energy  of  the  ^^2  l®vel  is  much  smaller  than  that  of  the  level 
and  it  too  does  not  correlate  directly  with  crystal  field.  In 
one  sense  this  can  be  expected  since  the  matrix  element  A  is 
proportional  to  6V/6p  and  not  V.  In  a  second  order  calculation 
of  the  ground-state  Jahn-Teller  energy,  Macfarlane  et  al.24  found 
this  energy  to  be  200  cm“^  in  Ti^"*": AI2O3.  The  first  order 
calculations  of  Table  3  are  reasonably  consistent  with  that. 

Table  3  also  agrees  well  with  the  sapphire  and  YAG  Jahn-Teller 
calculations  of  Albers. 25 
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Tabl«  3 

Spectroscopy  Cslcula'tions 


YALO 

Sapphire 

YAG 

GSAG 

Absorption  Peak  (nm) 

435 

485 

505 

520 

Absorption  Peak  (cm~^) 

22989 

20619 

19802 

19231 

Absorp-tion  Peak  (nm) 

490 

550 

585 

620 

Absorption  Peak  (cm~^) 

20408 

18182 

17094 

16129 

Zero-phonon  Peak  (nm) 

540 

617 

650 

691 

Zero-phonon  Peak  (cm~^) 

18519 

16207 

15385 

14472 

Emission  Peak  (nm) 

610 

745 

766 

840 

Emission  Peak  (cm"^) 

16393 

13423 

13055 

11905 

Total  Energy  (T) 

43397 

38800 

36896 

35360 

Absorption  Energy  Dif  (DE> 

2580 

2437 

2708 

3102 

T-2»(zero  phonon  energy) 

6360 

6385 

6127 

6416 

Jahn-Teller  Energy  (^E) 

3043 

3072 

2906 

3008 

Crystal  Field  +  Pert  (Eq) 

21562 

19279 

18290 

17480 

APa 

1290 

1218 

1354 

1551 

P«*Pa* 

273 

242 

315 

400 

r 

4.07 

4.86 

3.94 

3.72 

A' 

317 

251 

343 

417 

Jahn-Teller  Energy  (2t2) 

184 

130 

187 

217 

Pq  (crossover  min.)  -13.7  -13.0  -10.8  -8.9 
Crossover  Energy  29557  23950  22110  19428 
0£  11038  7743  6726  4956 


Sapphire  and  YAG  include  ground  s'tai;e  spli-t'tings  for  crossover 
calcula-tions.  All  energies  are  in  cm~^. 
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Table  4 

Absorpl^ion  Peaks 


YA103 

410  nm 

555  nm 

ref 

a 

410  nm 

560  nm 

ref 

b 

YAG 

430  nm 

590  nm 

ref 

c 

GSAG 

450  nm 

630  nm 

ref 

d 

a.  H.  J.  Weber  and  T.  £.  Vari-tifflos,  J.  of  Appl .  Phys.  45,  810 
(1974) . 

b.  D.  S.  McClure,  J.  Chem.  Phys.  2757  (1962). 

c.  N.  J.  Weber,  edi-tor.  Handbook  of  Laser  Science  and 
Technology,  Vol  I .  p.  38  (1982). 

d.  J.  Drube,  B.  S-bruve  and  G.  Huber,  Optics  Commun.  50,  45 
(1984). 


The  fundamental  vibration  constant,  xs  the  smallest  in 

sapphire  and  significantly  larger  in  the  other  crystals.  In 
fact,  Ti:sapphire  is  consistently  different  from  the  other 
materials  in  terms  of  A,  A 'and  both  Jahn-Teller  energies. 
Tissapphire  may  be  unique  because  of  its  strongly  uniaxial 
crystal  structure.  In  contrast,  YAG  and  (tSAG  are  garnets  which 
are  isotropic.  YAIO3  is  technically  biaxial  but  the  three  unique 
sides  of  the  crystal  unit  cell  differ  by  very  small  amounts. 

Thus  sapphire  is  the  only  material  which  has  large  asymmetry  in 
its  crystal  structure  and  optical  properties.  This  asymmetry  is 
not  accounted  for  in  the  theory  developed  in  Section  3  because  we 
began  with  the  assumption  of  octahedral  symmetry  at  the  Ti^'*' 
substitution  site. 

Thermal  Dependence  of  Lifetime 

Up  to  this  point  temperature  dependence  of  Ti^***  spectrosopic 
properties  has  not  been  considered.  However,  the  results  of 
Sections  1  and  2  show  that  fluorescence  intensity  and 
fluorescence  lifetime  depend  on  temperature.  In  general. 


life'txM*  can  b*  dascribcd  in  berms  of  bhree  different  relaxation 
processes.  The  bctal  relaxabion  rabe  can  be  wribben  as 


Tobal 
Mibh  X 

eff 


H 

I 

W 


rad 

-1 

Tobal 


vib 


U 


nonrad 


[4.151 

[4.161 


Here  x^ff  is  bhe  measured  lifebime  due  bo  bhe  bhree 
relaxabion  processes  lisbed  in  equabion  4.15.  is  a  pure 

radiabive  relaxabion  rabe  Mhich  is  bemperabure  independenb. 
is  a  phonon  assisbed  relaxabion  process  where  phobon  emission 
occurs  in  conjuncbion  wibh  creabion  or  annihilabion  of  phonons 
(labbice  vibrabions).  Vl^ib  is  expecbed  bo  depend  on  bemperabure 
and  in  bhe  case  where  bhe  phonon-el ecbron  inberacbion  is 
dominabed  by  phonons  of  only  one  frequency  Wp,  is  given  by^^ 


W  -  X  =  -  X  cobh[t*m  /2kTl  [4.171 

^vib  ^  ^  ~  J  "^vib  ** 

=  ~  <2m  +  1> 

^vib 

where  is  a  consbant  independenb  of  bemperabure 

and  r  =  exp[ -ttw^/kTl ,  bhe  Bolbzmann  facbor. 


Equabion  4.17  was  derived  from  a  harmonic  oscil labor  model.  The 
bhree  represenbabions  can  be  shown  bo  be  equivalenb  as  follows: 
For  a  harmonic  oscil labor  pobenbial,  bhe  probabiliby  of  bhe  m-bh 
level,  wibh  energy  mhup,  being  populabed  is  proporbional  bo 
exp[ -mti(iip/kTl  a  r"*.  The  sum  over  all  levels  musb  equal  one  so 
00 

Z  c  •  r"*  =  c/<l  -  r)  *  1.  [4.181 

m=0 


Thus,  c  =  1  -  r  . 


The  expecbabion  value  of  m,  bhe  average  vibrabional  level 
populabion,  is 
00 

<m>  a  Z  m(l-r)r*"  =  r/(l  -  r)  .  [4.191 

m*0 
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Similarly, 


<m  +  i>  E  z  (m+1)  (l-r)r"*  «  1/<1  -  r) 
msO 


[4.201 


<2m  +  1>  s  Z  <2m+l)  (l-r)r"^  =  <1  +  r)/<l  -  r)  .  [4.211 

m-0 


Also, 


<1  +  r)/<l  -  r)  =  <1  +  exp[-ti«/kTl>/<l  -  exp[ -ttm/kTl > 

_  exp[f<tti/2kTl  +  cxpt-ftm/2kTl 
”  exp[tt(ii/2kTl  -  exp[-ttu/2kTl 

-  co'th(fiiit/2kTl 


where  ‘the  p  subscrip-t  has  been  dropped. 

Nonradia-tive  relaxa-tion  involves  ‘transitions  to  the  ground 
state  via  creation  and  annihilation  of  phonons  without  photon 
emission.  In  an  early  model,  nonradiative  transitions  were 
pictured  as  taking  place  at  the  crossover  point  of  the  ground- 
state  and  excited-state  parabolas.  The  nonradiative  relaxation 
was  described  by  a  rate  constant  N  and  an  activation  energy  E^. 
which  was  the  energy  difference  between  the  excited- state 
parabola  minimum  and  the  crossover  point.  As  temperature 
increased  the  thermal  population  at  the  crossover  energy  would 
increase  making  nonradiative  relaxation  more  probable.  The 
process  is  described  by  Mott's  activation  energy  formula^^ 


W 

nonrad 


*  N  exp  [-E  /kTl 
c 


[4.221 


One  effect  of  temperature  will  be  to  populate  higher  vibrational 
levels  of  the  ground-state  and  excited-state  parabolas.  The 
result  should  be  small  temperature  dependent  increases  in  width 
of  the  broadband  absorption  and  fluorescence  lines  primarily 
toward  lower  energies  <or  longer  wavelengths).  This  may  also 
result  in  small  increases  in  the  radiative  relaxation  rate. 

In  addition,  population  of  higher  excited-state  vibrational 
levels  increases  the  probability  of  direct  transitions  from  the 
excited-state  parabola  to  the  ground-state  parabola  without  the 
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•Mission  of  *  photon,  i.*.,  nonradiativ#  relaxation.  The 
crossover  energy  of  the  ^T2  paraboloids  and  the  Mexican  hat 
can  be  calculated  by  finding  the  energy  at  which  >  Vg. 
Equations  4. la  and  4.1b  show  that  the  excited  states  have 
cylindrical  syMMetry  about  p«0  but  the  three  ground- state 
paraboloids  do  not.  For  the  paraboloid  displaced  along  the  Py^ 
axis  (which  can  be  chosen  in  that  manner)  the  crossover  point  is 
symsietrio  about  py  but  not  about  minimum  and  maximum 

crossover  points  occur  along  the  Py^  axis  so  we  may  s^t  Py  0, 
e  s  0  to  find  them.  Making  eq.  4.1b  scalar  and  equating 
equations  4.1a  and  4.1b  yields 


■  ^JT  "  'CF  ^ 
Ip  -  ><*p1 

^C  *  I  -  A 

-V«*Pa  +  A 


[4.231 

[4.241 


where  Eq  is  defined  by  equation  4.4.  The  minimum  energy  level 
crossover  occurs  at  negative  p^  when  the  negative  sign  is  chosen 
for  A  in  equation  4.24.  This  is  illustrated  in  Figure  29. 

Table  3  shows  the  Pq  values  calculated  using  eq.  4.24;  it  also 
shows  the  crossover  energy  at  p  »  Pq  and  dE.  The  d£  energy  is 
the  difference  between  the  crossover  energy  and  the  excited-state 
energy  minimum.  It  is  expected  to  be  closely  related  to  Eq  of 
eq.  4.22.  The  value  of  dE  decreases  in  the  same  way  that  crystal 
field  does  in  the  YAIO  -  GSAG  series.  This  is  in  qualitative 
agreement  with  experiment.  However,  dE  is  too  high.  An 
empirical  fit  of  eq.  4.22  to  Tissapphire  lifetime  data  yields  a 
value  of  1600  cm~^  for  Eq  compared  to  a  calculated  value  of 
7743  cm~^  (see  Table  3).  This  discrepancy  can  qualitatively  be 
explained  by  observing  that  we  are  considering  a  classical 
activation  energy  in  the  Mott  model.  It  is  also  possible  for 
tunneling  to  occur  from  the  excited  state  to  the  ground  state  at 
energies  below  the  crossover  energy.  This  effectively  reduces 
the  "activation  energy"  to  some  smaller  value. 
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A  Mor*  g*n«r«l  and  coaipla-ta  Model  of  nonradia-tive  relaxation 
using  the  single^configurat ion-coordinate  model  has  been 
developed  by  Struck  and  Fonger^.  Their  model  calculates  the 
nonradiative  transition  rate  betimeen  a  given  pair  of  ground-state 
and  excited-state  harmonic  oscillator  levels  (in  other  words  the 
overlap  of  the  wave functions)  and  then  sums  over  all  possible 
pairs.  This  approach  is  analogous  to  considering  multiple 
activation  energies  rather  than  just  one.  The  nonradiative 
transition  probability,  assuming  equal  force  constants  for 
excited  and  ground-state  parabolas,  can  be  shown  to  be 


P  = 
P 


exp[-S<2ffl**'l>  ] 


f  <S<m>)^(S<m-H>)P'*'^ 

i=0  j?<p+i>? 


(4.251 


where  <m>,  <m+l>,  and  <2m+l>  are  defined  in  eqs.  4.19-4.21,  S  is 
the  Stokes  shift  such  that  Shu  —  and  p  is  a 

quantum  number  such  that  ptim  The  total  nonradiative 

transition  rate  is  NPp  where  N  is  a  term  typically  on  the  order 
of  10^3  s”^  and  depends  on  the  electronic  part  of  the 
wavefunction  overlap.  Thus  eq.  4.15  can  be  written  as 


^Total*  ^^Vad  * 

+  N-expt-S<2m+l>l  X 


vib 


<2m  +  1> 


<S<m>)^<S<m-H>) 
O  j?<P+i>! 


P+i 


(4.261 


Eq.  4.26  was  used  to  fit  experimental  lifetime  results  for  Ti^"*" 
ions  in  the  four  host  materials  studied.  Values  adjusted  to  fit 
the  experimental  results  were  S,  hw,  N,  x,-ad  ‘^vib*  Once  hw 

was  chosen,  p  was  defined  based  on  the  zero-phonon  energy. 

Table  5  shows  the  fitting  parameters  used  for  the  four 
different  hosts  and  Figures  30  -  33  are  plots  of  experimental  and 
calculated  results.  Model  parameters  were  easily  adjusted  to  fit 
experimental  results  with  all  four  crystal  hosts.  Calculated 
curves  were  found  to  be  quite  sensitive  to  phonon  energy  with  It 
changes  making  clearly  noticeable  differences  in  calculated  curve 
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Table  5 


Ti'tanium  Lifetime  Modeling 


Ti:YA10  Ti:sapph  TiiYAG  Ti:GSAG 


Zero  phonon  Energy 

phonon  energy  (cm-') 

pf  phonon  quantum  # 

18519 

345 

53 

16207 

400 

40 

15385 

390 

39 

14472 

320 

45 

S'tokes  shift,  S 

9.5 

11.1 

11.2 

11.5 

'^vib  ^*26 

1.65E-5 

large 

2.30E-4 

3.00E-4 

Trad  4*26 

large 

4.50E-6 

large 

large 

N  (Hz)  see  eq.  4.26 

5.0E14 

1.8E14 

3.3E14 

4.0E18 

radiative  rate  at  10  K 

6.06E4 

2.22E5 

4.35E3 

3.33E3 

radiative  rate  at  300  K 

8.93E4 

2.22E5 

5.93E3 

5.15E3 

nonrad i at ive  rate  at  10  K 

8.12E-3 

2.17E3 

1.84E4 

1 . 83E5 

nonrad i at ive  rate  at  300  K 

1.13E1 

4.97E4 

4 . 14E5 

4.97E7 

10  K  quantum  efficiency  <t)  100.0 

99.0 

19.1 

1.79 

300  K  quantum  efficiency  (t)  100.0 

81.7 

1.4 

0.01 

all  ra'tes  are  in  Hz 


shapes.  Changes  in  S  and  N  had  'to  be  almos't  in  -the  10%  range  to 
exhibi't  siMilar  changes.  The  -two  life-times,  and  Xy^b 

combinabion  Mi-th  N> ,  basically  scaled  -the  calcula-tions  bo  real 
time. 

The  fitted  S  values  in  Table  5  can  also  be  compared  to  S 
values  calculated  from  fluorescence  emission  data  since 

X  dX  ) 

S  *  In  - — - \  [4.271 

X  I  (X>  dX  I 
C  zp  J 

where  I55  is  the  broadband  fluorescence  intensity  and  I^p  is  the 
zero-pnonon  fluorescence  intensity.  Intensities  at  '^10  K  were 
used  for  both  bands  and  l2p  was  calculated  for  only  the  highest 
energy  zero-phonon  line  in  the  YAG  and  sapphire  cases  where  more 
than  one  line  was  observed.  PHT  results  were  used  for  I2P 
integrated  intensity  measurements  because  of  the  high  sensitivity 
available  and  Si  photodiode  results  were  used  for  Ipp  because  of 
the  better  sensitivity  to  long  wavelengths.  The  two  measurements 
were  then  calibrated  to  each  other  at  some  common  wavelength. 

The  results  are  shown  in  Table  6.  These  values  are  in  good 
agreement  with  those  shown  in  Table  5. 

Table  6 


Integrated 

Intensity  S 

Values 

YA103 

sapphire 

YAG 

GSAG 

S  *  9.0 

10.0 

9.6 

11.1 

In  TisYAlOs, 

the  change 

in  lifetime 

is  due  almost  exclusively 

to  an  increase  in  the  radiative  transition  rate,  the  <2m  1> 

term.  The  nonradiative  transition  rate  is  extremely  low  due  to 
the  large  crystal  field.  Calculations  indicate  that  nonradiative 
transitions  should  beccxne  significant  at  temperatures  above 
400  K.  Experiments  above  400  K  would  be  useful  to  confirm  this. 
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32.  Model  fit  of  Ti^‘*‘:YAG  fluorescence  lifetime. 
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Figure  33.  Model  fit  of  Ti^'*’sGSAG  fluorescence  lifeti 


Ti: sapphire  has  a  smaller  crystal  field  splitting  than 
Ti:YA103  thus  nonradiative  transitions  become  more 

significant  in  this  host  material.  At  10  K  the  nonradiative  rate 
is  more  than  10^  times  that  of  Ti:YA103  and  is  It  of  the 
Ti:sapphire  radiative  rate.  At  room  temperature  the  nonradiative 
rate  increases  by  a  factor  of  23  resulting  in  a  calculated 
fluorescence  quantum  efficiency  of  82t.  This  agrees  well  with 
reported  measurements  of  70-80t.  The  fit  to  Ti: sapphire  data 
shown  in  Figure  31  assumes  that  there  is  negligible  change  in 
vibrational  relaxation  rate.  Fits  were  also  done  assuming  large 
“^rad  temperature  dependent  Xyit,.  Very  little  difference  was 

observed  in  the  two  types  of  fit  with  the  one  shown  in  Table  5 
agreeing  slightly  better  at  temperatures  where  the  decrease  in 
lifetime  begins. 

The  best  fit  for  Ti  :YAG  was  achieved  by  using  a  very 

large  ^^ad  that  the  radiative  rate  was  dominated  by  the 
term.  Fits  exchanging  the  roles  of  the  two  terms  were  not  as 
good.  The  Ti :YAG  fit  follows  the  crystal  field  trend;  the  lower 
crystal  field  results  in  increased  nonradiative  rate  compared  to 
Ti: sapphire.  But  the  radiative  rate  at  low  temperatures  is  also 
lower.  A  plausible  explanation  is  that  the  octahedral  crystal 
symmetry  <with  inversion  symmetry)  of  YAG  results  in  a  longer 
radiative  lifetime.  The  increased  nonradiative  rate  and 
decreased  radiative  rate  result  in  the  important  conclusion  that 
even  at  low  temperatures  there  is  not  lOOt  quantum  efficiency. 
Table  5  shows  a  19t  quantum  efficiency  for  Ti:YAG.  This  may 
explain  why  Ti:YAG  fluorescence  always  seemed  weaker  than 
Ti:sapphire  fluorescence.  At  room  temperature  the  nonradiative 
transition  rate  is  dominant  with  quantum  efficiencies  less  than 
2%.  These  low  quantum  efficiencies  have  not  yet  been  confirmed 
experimentally  but  may  explain  why  lasing  in  Ti :YAG  has  not  yet 
been  demonstrated. 

The  calculated  lifetime  curve  for  Ti:GSAG  used  a  value  for  N 
much  larger  than  in  the  other  three  hosts.  Calculations  using  N 
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on  ^he  order  of  5x10^^  left  the  model  curve  shifted  too  far  to 
the  right.  A  physical  explanation  for  the  need  to  increase  N  by 
four  orders  of  magnitude  is  not  available.  The  value  used  for 
the  vibrational  lifetime  was  somewhat  arbitrary.  Using  30  ps 
rather  than  300  ps  resulted  in  a  fit  only  marginally  poorer. 

This  means  that  the  calculated  quantum  efficiency  listed  in  Table 
5  is  not  accurately  determined  by  the  model  fit.  But  even  using 
30  ps  results  in  a  calculated  quantum  efficiency  less  than 
Ti:YA6.  Thus  successful  laser  operation  of  TiiGSAG,  even  at 
liquid  helium  temperatures,  does  not  look  promising. 

There  is  a  clear  trend  in  the  modeling  results  that  as 
crystal  field  decreases  the  nonradiative  rate  increases.  This 
results  in  (1)  a  decrease  in  quantum  efficiency  with  decreasing 
crystal  field  and  (2)  a  decrease,  in  the  temperature  at  which  the 
nonradiative  rate  equals  the  radiative  rate  with  decreasing 
crystal  field.  Thus  Ti^***  doped  host  materials  with  crystal 
fields  equal  to  or  less  than  YAG  are  not  good  laser  prospects, 
particularly  for  room  temperature  operation.  In  contrast,  hosts 
with  crystal  fields  greater  than  or  equal  to  Titsapphire  look 
like  good  prospects  for  efficient  Ti^***  lasing. 


SECTION  5 


Laser  Performance  of  Ti^‘*‘  Doped  Sapphire 

doped  sapphire  was  firs-t  demons'tra'ted  “to  be  a  broadband 
tunable  laser  material  by  P.  Moulton^  in  1982.  However,  crystal 
quality  has  continued  to  be  a  problem  with  this  laser  material. 
Scattering  centers  and  spurious  absorption  in  the  spectral  region 
where  lasing  is  expected  were  found  to  reduce  the  lasing 
performance  of  many  early  Ti:sapphire  crystals.  To  assess  the 
state  of  the  art  in  Ti:sapphire  growth,  laser  crystals  were 
procured  from  two  crystal  growth  facilities.  Union  Carbide  and 
Crystal  Systems,  in  the  first  half  of  1985.  A  crystal  48  mm  long 
by  5  mm  in  diameter  with  Brewster  angle  ends  was  cut  from  a  boule 
grown  by  the  Czochralski  (CZ)  method.  Crystal  growth  and 
fabrication  were  done  by  Union  Carbide.  The  crystal  had  a 
nominal  doping  level  of  0.1  wtt  titanium.  Another  crystal  was 
grown  by  Crystal  Systems,  Inc.  using  the  Heat  Exchanger  Method 
<HEM) ;  it  also  had  Brewster  angle  ends  but  was  35  mm  long  and 
7  mm  in  diameter.  The  Ti^***  doping  level  in  the  HEM  crystal  was 
calculated  to  be  0.03  wtt  based  on  the  relative  absorption  at 
532  nm  in  the  two  crystals. 

Laser  performance  of  the  CZ  and  HEM  crystals  was  measured 
under  identical  optical  pumping  and  laser  resonator  conditions. 
Figure  34  is  a  diagram  of  the  experimental  setup.  The  crystals 
were  pumped  at  532  nm  with  10  ns,  frequency  doubled  pulses  from  a 
Q-switched  Nd:YAG  laser.  A  254  mm  convex  lens  focused  the  pump 
beam  onto  the  Ti: sapphire  laser  crystal.  Actually,  the  crystal 
was  placed  slightly  in  front  of  the  pump  beam  waist  to  provide  a 
more  effective  overlap  of  the  resonator  mode  volume  with  the  pump 
beam  diameter.  The  input  mirror  was  flat-flat  and  coated  to  be 
transmissive  (  >  QSX  )  at  532  nm  but  highly  reflective  (  >  99t  > 
in  the  730-810  nm  region.  The  output  mirror  was  50t  reflective 
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sapphire  Laser  Diagram 


rure  34.  Experimental  apparatus  used  to  measure  Ti sapphire  laser 


in  th*  730-810  nm  region  and  had  a  3  m  radius  of  curvature  on  the 
resonator  side;  it  Mas  flat  and  had  a  broadband  AR  coating  on  the 
output  side.  In  some  experiments  a  prism  was  used  to  provide 
wavelength  discrimination. 

Input  energy  was  measured  using  a  pyroelectric  detector  to 
monitor  the  energy  per  pulse  split  off  by  a  glass  slide.  The 
input  energy  detector  was  calibrated  to  the  energy  incident  on 
the  Ti:sapphire  crystal  surface.  An  identical  detector  was  used 
to  measure  output  energy  by  placing  it  behind  a  red  filter  used 
to  block  any  unabsorbed  pump  radiation.  Output  energy  per  pulse 
vs  input  energy  corrected  for  energy  actually  absorbed  was 
measured  and  is  shown  in  Figure  35  for  both  crystals.  Threshold 
was  8  mJ  for  the  CZ  crystal  and  10  mJ  for  the  HEM  crystal.  The 
constant  0.6  mJ  output  shown  in  Figure  35  for  input  energy  levels 
below  threshold  proved  to  be  residual  1064  nm  radiation  from  the 
pump  Nd:YAG  laser.  Absorbed-energy  slope  efficiencies  were  50t 
and  42t  for  the  CZ  and  HEM  crystals  respectively.  The  HEM 
crystal,  because  of  its  lighter  doping  and  shorter  length, 
absorbed  only  60%  of  the  incident  energy,  whereas  the  CZ  crystal 
absorbed  99%  of  the  incident  light.  Quantum  slope  efficiency 
based  on  photons  absorbed  was  nearly  100%  for  the  HEM  crystal  and 
72%  for  the  CZ  crystal . 

The  higher  quantum  efficiency  of  the  HEM  crystal  was  not 
directly  related  to  its  lower  doping  level.  Combined 
absorption,  reflection  and  scattering  losses  were  measured  by 
observing  the  pre-  and  post-crystal  energies  of  756-nm  probe 
pulses  generated  by  the  Quantel  H2  Raman  cell.  The  CZ  crystal 
had  a  loss  of  2.5%/cm  and  the  HEM  crystal  had  a  loss  of  2.2%/cm. 
Loss  in  a  more  heavily  doped  HEM-grown  crystal  (not  tested  for 
laser  performance)  was  found  to  be  1.8%/cm.  Both  laser  crystals 
were  state-of-the-art  for  loss  at  that  time  since  other  crystals 
typically  were  reported  to  have  losses  greater  than  3%/r.m. 

Figure  36  shows  the  tuning  range  (695-864  nm)  for  the  HEM 
sample  using  a  single  pair  of  mirrors  and  a  Brewster  angle  prism. 
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Laser  Performance  of  sapphire  Samples 
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Figure  35.  sapphire  laser  performance  when  pumped  wi'th  532  nm 

Q-swi-tched  pulses. 


sapphire  Tuned  Lasing  Threshold 
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Figure  36.  sapphire  'tuning  demons'tra'ted  using  a  single  se-t  of 


Tuning  was  limi'ted  by  bandwid-ths  of  'the  mirror  coatings  designed 
for  the  730~810  nm  region  and  surface  damage  of  the  laser  crystal 
at  input  energies  greater  than  25  mJ.  Use  of  a  set  of  mirrors 
designed  for  operation  in  the  650-730  nm  region  was  unsuccessful 
in  producing  output  at  shorter  wavelengths. 

Some  very  simple  bandwidth  measurements  were  made  on  the 
tuned  and  untuned  laser  pulses.  With  no  wavelength  selective 
element  present,  the  output  pulse  was  extremely  broad  in 
wavelength  range.  Output  passed  through  a  monochrometer  was 
observable  over  a  40-nm  range  and  centered  near  770  nm.  With  the 
prism  in  the  resonator  the  bandwidth  decreased  to  approximately 
0.5  nm.  The  broadband,  untuned  output  results  from  the  high  gain 
present  in  the  Ti: sapphire  material  and  the  low  0  of  the 
resonator.  With  a  0.5-m  mirror  separation  the  round  trip  time 
for  a  photon  in  the  resonator  is  about  3  ns.  Since  the  measured 
pulse  width  was  less  than  10  ns,  no  photon  made  more  than  a  few 
round  trips  in  the  resonator.  Thus  the  wavelength  discrimination 
in  the  gain  peak  was  poor.  Including  a  prism  added  the  condition 
that  only  a  small  wavelength  band  was  be  reflected  back  through 
the  gain  region  of  the  crystal  thus  reducing  the  bandwidth. 

The  broadband  tunability  and  the  high  conversion  efficiency 
demonstrated  in  the  two  Ti: sapphire  crystals  investigated  here 
show  that  Titsapphire  is  highly  promising  for  a  number  of 
military  and  commercial  applications.  High  quality  material  is 
available  from  two  commercial  sources  and  further  improvements 
continue  to  be  reported.  Ready  avaliability  of  laser  quality 
material  is  key  to  further  development.  Further  work  is  needed 
in  scaling  the  output  of  this  material  to  the  1  J/pulse  level. 
Current  laser  performance  is  limited  by  damage  to  mirrors  and 
crystal  surfaces.  Also,  work  on  exploiting  the  broadband 
tunability  of  this  material  is  just  in  its  infancy.  Titsapphire 
laser  technology  holds  great  promise  and  is  now  being  developed 
at  a  number  of  laboratories. 


SECTION  6 


Cr,Ncl:GSGG  Lasing  Performance 

The  idea  of  co-doping  a  neodymium  laser  ma-terial  ni-th  ano-ther 
ion  which  could  'transfer  absorbed  energy  -to  Nd^'*'  was  suggested 
not  long  af-ter  -the  discovery  of  -the  Nd:YAG  laser. However,  the 
results  using  Cr,Nd:YAG  were  disappointing.  In  Cr,NdxYAG  the 
Cr^'*’  -to  Nd^'*’  -transfer  rate  was  found  -to  be  slower  than  the  Cr^'*' 
relaxation  rate  resulting  in  poor  energy  transfer.  More 
recently,  gadol inium-scandium-gal 1 ium  garnet  (GSGG)  co-doped  with 
Cr^'*'  and  Nd^'*'  ions  was  shown  to  have  much  better  efficiency  than 
NdxYAG.-^  The  difference  appears  to  be  related  to  the  improved 
overlap  between  the  Cr^'*'  and  Nd^'*'  excited  state  energy  levels  in 
GSGG  making  the  energy  transfer  rate  faster. 

Cr.NdtGSGG  SoeotroscoDv 

The  absorption  spectrum  of  Cr,NdsGSGG  shown  in  F'l^ure  37 
illustrates  one  clear  advantage  of  using  a  co-dopant.  The  Nd^*** 
ions  have  very  narrow  absorption  lines  and  thus  absorb  only  a 
small  fraction  of  the  flashlamp  emission.  But  the  broad 
absorption  bands  of  Cr^'*'  ions  can  efficiently  absorb  the 
broadband  output  of  a  flashlamp.  Efficient  transfer  of  Cr^'*' 
excitation  to  Nd^'*'  ions  can  result  in  improved  lasing  efficiency. 

The  fluorescence  spectrum  of  Figure  38  shows  emission  by  both 
the  Cr^'*'  and  Nd^'*'  ions.  The  broadband  emission  centered  at 
767  nm  is  due  to  radiative  relaxation  from  the  ^T2  "to  the  ^A2 
levels  of  Cr^"*".  The  narrow  dips  in  the  Cr^"^  emission  are  due  to 
absorption  at  those  wavelengths  by  Nd^'*'  ions.  The  sharp  emission 
features  at  longer  wavelengths  are  due  to  Nd^'*'  fluorescence.  The 
CrS-*-  emission  is  quite  weak  compared  to  GSGG  doped  only  with 
chromium  because  most  of  the  Cr^'*'  ions  transfer  their  energy  to 
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Figure  37.  Cr,Nd:GSGG  absorp-tion  spectrum.  Broadband  peaks  ab  460  and 
640  nm  are  Cr^"*"  absorp'tion;  sharp  peaks  are  Nd^"*" 


Nd^"*"  ions  in  tho  co-doped  crystal .  Further  details  of  Cr,Nd:GSGG 
spectroscopy  and  energy  transfer  kinetics  were  studied  as  part  of 
a  Masters  Thesis  project  and  will  be  reported  elsewhere.^^ 

Long-Pulse  Lasing  Performance 

Comparison  of  lasing  performance  was  first  accomplished  using 
an  on-hand,  1/4"  x  3"  NdsYAG  laser  rod  and  a  5  mm  x  80  mm 
Cr,Nd:GSGG  laser  rod  grown  by  Airtron.  The  different  rod 
dimensions  made  direct  performance  comparisons  less  than  ideal 
but  allowed  setup  of  the  experiment  and  collection  of  preliminary 
data.  The  GSGG  rod  had  a  Nd  concentration  of  2  x  10^^  ions/cm^ 
and  a  Cr  concentration  of  1  x  10^0  ions/cm^.  Figure  39  shows 
laser  output  energy  using  the  same  resonator  cavity  for  both 
rods.  The  resonator  consisted  of  an  HR  mirror  and  a  90% 
reflectivity  output  mirror  with  a  Kigre  cavity  holding  the  laser 
rod  and  flash lamp.  Flowing  coolant  water  was  held  at  20^  C  and 
the  repetition  rate  was  2.5  Hz.  Threshold  input  energy  was  near 
1  J  for  both  materials.  Maximum  output  was  700  mJ/pulse  for  GSGG 
and  410  fflj/pulse  for  YAG  with  25  J  of  flashlamp  input  energy. 
Cr,Nd:GSGG  and  Nd:YAG  slope  efficiencies  were  3.8%  and  2.2%, 
respectively;  the  GSGGiYAG  ratio  of  slope  efficiencies  (1.7) 
agrees  well  with  the  relative  efficiencies  reported  by  Pruss 
et  al.2 

The  coolant  temperature  was  varied  to  see  if  GSGG 
performance  changed  with  temperature.  Measurements  at  10°,  20°, 
and  30°  C  gave  nearly  identical  results  as  expected.  However, 
degradation  in  output  was  observed  when  returning  to  near- 
threshold  energies  after  pumping  at  much  higher  flashlamp 
energies.  Figure  40  shows  output  energy  near  threshold  as  a 
function  of  time  after  the  GSGG  rod  had  been  pumped  with  high- 
energy  (20  J)  flashlamp  pulses  at  three  different  temperatures. 

In  all  three  cases,  the  output  energy  is  less  than  what  it  was 
before  high-energy  flashlamp  pumping  but  then  the  output  energ  ' 
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Figure  39.  Laser  performance  of  Cr,Nd:GSGG  and  Nd:YAG.  Rod  diameters 
were  5  mm  and  1/4  inch  respectively. 
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Figure  40.  Long  -term  change  in  laser  ou'tpu't  near  threshold  after 
pumping  at  high  input  energies. 


gradually  increases  wi-bh  -time.  The  lifetime  of  this  effect  is 
quite  long,  800  seconds,  so  thermal  effects  can  be  ruled  out.  A 
small  amount  of  solarization  may  be  occurring.  Similar  effects, 
but  much  smaller  in  magnitude,  were  observed  in  Nd:YAG.  Thus 
there  are  indications  that  solarization  (and  subsequently  poorer 
performance)  could  be  a  more  significant  problem  in  GS(^  than  it 
is  in  YAG. 

Sample  rods  were  purchased  from  Airtron,  Allied  and 
Materials  Progress  to  investigate  (1)  material  quality  issues, 

(2)  the  effects  of  different  Cr^"*"  and  Nd^"*"  concentrations  on 
laser  performance  in  GSGG,  and  (3)  the  relative  performance  of 
equally  sized  YAG  and  GSGG  laser  rods,  .  Table  7  lists  the  laser 
rods  purchased  and  some  of  their  performance  data. 


Table  7 

Laser  Rod  Doping  Levels 


Grower 

Cr^  (10^9cm^l 

Nd^  (10^9cm^l 

ID 

Host 

Slope 

(tl 

Airtron 

2 

2 

SG-91-1 

GSGG 

8.9 

Airtron 

1 

2 

SG-74-6 

GSGG 

7.7 

Allied 

2 

2 

ALD-023 

GSGG 

8.2 

6.9« 

Allied 

1 

1 

ALD-026 

GSGG 

5.7 

Mat  Prog 

2 

M1770 

YAG 

Mat  Prog 

2 

M1771 

YAG 

4.7» 

M  These  slope  efficiencies  were  measured  with  a  Q-switch  crystal 
in  the  resonator  but  no  voltage  was  applied. 

The  long-pulse  laser  performance  of  the  GSCtG  rods  is  shown  in 
Figure  41.  In  this  case  the  laser  resonator  consisted  of  a 
flat/flat,  50t  reflectivity,  output  mirror,  a  3-m  radius  of 
curvature  HR  mirror  and  the  same  Kigre  cavity  used  earlier.  The 
two  mirrors  were  spaced  1  m  apart.  Energy  per  pulse  was  measured 
with  a  Laser  Precision  meter  and  averaged  over  50  pulses  for  each 
input  energy  plotted  in  Figure  41. 

Laser  performance  was  clearly  sensitive  to  Nd^"*"  concentre - 
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Figure  41.  Cr,Nd:GSGG  long-pulse  laser  performance 


'bion;  ALD-026(  bhe  GSGG  rod  with  1  x  10^®  Nd^"*"  ions/cm^  (half  the 
Nd^'*'  concentration  of  the  other  three  rods)  had  a  slope 
efficiency  of  5.7t.  The  rod  with  the  same  chromium  concentration 
but  twice  the  Nd^"*"  concentration  had  a  slope  efficiency  of  1  .IX. 
In  contrast,  changing  the  chromium  concentration  by  a  factor  of 
two  resulted  in  only  minor  changes  in  performance.  The 
difference  in  performance  between  the  two  rods  with  nominally 
equal  dopings  of  Cr^'*'  (but  from  different  sources)  was  similar  in 
magnitude  to  the  difference  in  performance  of  ALD-023  and  SG-74 
where  the  Nd^"*"  concentration  was  kept  constant  but  the  Cr^"*" 
concentration  changed  by  a  factor  of  two. 

Although  it  is  clear  that  the  2  x  lO^O  ions/cm^  concentration 
level  for  Cr^'*'  and  Nd^"*"  ions  was  the  best  combination  tested,  the 
concentration  parameter  space  was  not  thoroughly  investigated  to 
find  the  optimum  concentrations.  The  cost  of  each  individual 
growth  run  and  the  problems  of  learning  how  to  grow  laser  quality 
crystals  when  the  doping  levels  are  changed  makes  optimization  a 
difficult  and  expensive  task. 

Q-switched  Laser  Performance 

GSGG  and  YAG  Q-switched  laser  performances  were  investigated 
by  adding  a  Q-switch  crystal  (Inrad  202-092)  and  a  thin-film 
polarizer  to  the  same  resonator  used  for  the  GSGG  long-pulse 
measurements.  M1771  (Nd:YAG)  and  ALD-023  (Cr ,Nd:GS(3G)  were  used. 
With  the  Q-switch  off  (but  still  in  the  resonator)  and  with  the 
polarizer  removed,  the  slope  efficiencies  of  YAG  and  GSGG  were 
4.7t  and  6.9t  respectively  (see  Figure  42).  The  factor  of  1.5 
improvement  of  GS(3G  over  YAG  is  less  than  the  factor  of  2 
typically  reported  but  the  YAG  rod  manufacturer  indicated  that  he 
had  sent  particularly  "hot**  laser  rods  with  Nd^"*"  concentrations 
which  may  be  slightly  higher  than  those  listed  in  Table  7. 
Certainly,  4.7t  slope  efficiency  is  quite  good  for  Nd:YAG. 

Figure  43  shows  that  when  Q-switched,  both  YAG  and  GS(9G  had 
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Figure  42.  Cr,Nd:GSGG  vs.  Nd:YAG  long-pulse  laser  performance. 
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reduced  slope  efficiencies  of  2.7%  and  3.4%  respect i vely .  The 
decrease  in  slope  efficiency  was  significan-tly  larger  in  GSGG 
[(6.9  -  3.4>/6.9  =  .511  than  in  YAG  [(4.7  -  2.7)/4.7  =  .431.  The 
majority  of  the  loss  appeared  to  be  thermally  induced 
birefringence  because  similar  reductions  in  output  occurred  when 
the  resonator  was  operated  in  long-pulse  mode  with  the  thin-film 
polarizer  still  in  place.  The  larger  effect  in  GSGG  may  be  due 
to  its  poorer  thermal  conductivity. 

Although  beam  size  and  divergence  were  not  studied  in  detail, 
there  was  a  noticeable  difference  in  beam  shape  between  the  YAG 
and  GSGG  Q-switched  pulses.  Using  burn  paper  for  simple 
analysis,  the  GSGG  pulses  were  much  more  elliptical  in  shape  than 
the  YAG  pulses  were.  The  major  axis  of  the  GS(^  pulses  was  along 
the  polarization  axis. 

Pulse  widths  were  measured  for  the  Q-switched  pulses  using  a 
fast  photodiode  with  1-ns  response  time.  Single  Q-switched 
pulses  were  observed  with  no  evidence  of  long-pulse  leakage  or 
later  Q-switched  spikes  in  both  YAG  and  GSGG.  At  2x  threshold 
the  full  width  at  half  maximum  [FWHMl  was  70  ns  and  at  4x 
threshold  the  FWHM  pulse  width  narrowed  to  42  ns  (see  Figure  44). 
The  YAG  Q-switched  pulse  width  at  about  4x  threshold  was  33  ns,  a 
little  shorter  (see  Figure  45).  This  is  expected  since  YAG  has  a 
higher  gain  than  GSGG. 

In  summary,  Cr,Nd:GSGG  can  produce  higher  laser  efficiency 
than  NdrYAG  when  optimally  doped  with  Cr^'*'  and  Nd^"*"  ions.  The 
major  improvement  in  efficiency  (1.5  to  2  times  better  slope 
efficiency)  available  in  GSGG  will  make  this  material  attractive 
where  power  supply  size  and  weight  requirements  are  critical. 
However,  Cr,Nd:GSGG  is  not  an  exact  replacement  for  Nd:YAG. 
Differences  in  gain,  thermal  birefringence  and  thermal 
conductivity  of  the  two  materials  require  different  engineering 
approaches  when  designing  a  laser.  Particular  system 
requirements  will  dictate  which  of  the  two  host  materials  should 
be  used. 
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Figure  44.  Cr,Nd:GSGG  Q-switched  pulse  width  for  two  pump  energi 
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